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and c a t a l y s t  bed pressure,  6.1 a t m .  

(60 and 90 days,approximately) using a s i n g l e  c a t a l y s t  charge. 

dec l ine  i n  ca t a lys t  a c t i v i t y  w a s  noted; quan t i t a t ive  y i e l d s  of methane and 

water were obtained. 

Two continuous long-duration runs were made 

No measurable 

ABSTRACT 

I Laboratory apparatus w a s  designed, fabr ica ted ,  and operated f o r  studying 

t h e  reduction of up t o  1 l b  of igneous rock with carbon, hydrogen, and methane. 

Several  experiments demonstrated that with t h e  use of spec ia l ly  designed i n l e t  

tubes,  methane r e a c t s  with n a t u r a l  s i l i c a t e  materials a t  1600 C t o  form carbon 

monoxide, hydrogen, s i l i c o n ,  trace metals, and s l ag .  Nearly quan t i t a t ive  carbon 

balances were achieved. Reactor mater ia l s  w e r e  found which al low t h e  r eac t ion  

t o  run a t  1600 C f o r  long t i m e  per iods.  
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I. OBJECTIVE 

The object ive of t h i s  program was t o  demonstrate t he  f e a s i b i l i t y  of  the 

Aerojet Carbothermal Process f o r  the  mnufacture  of oxygen from lunar  resources.  

The program object ive was achieved by ( a )  a study of  t he  reduction of na tu ra l  

s i l i c a t e s  with methane, carbon, hydrogen, and mixtures of methane and hydrogen, 

and (b) a study of t h e  reduction of  carbon monoxide with hydrogen, under a 

va r i e ty  of conditions,  t o  y i e ld  methane and water. Suf f ic ien t  data  were ob- 

ta ined t o  permit a preliminary evaluation of these  react ions t o  be made; t h e  

f e a s i b i l i t y  of t h e  carbothermal process f o r  lunar  oxygen manufacture w a s  

demonstrated. 

11. SUMMARY, CONCLUSIONS, AND FECOMMENDATIONS 

A. SUMMARY 

1. Task 1, Carbothermal Reduction of S i l i c a t e s  

Task 1 was devoted t o  the design and operation of bench-scale 

equipment f o r  use i n  determining the  f e a s i b i l i t y  of t he  first s t e p  of t he  

Aerojet Carbothermal Process f o r  t he  manufacture of oxygen from lunar  mater ia ls .  

This equipment consisted of an induction-heat rock reac tor  (50 cu cm capaci ty)  

and a resistance-heated rock reac tor  (450 cu cm capaci ty) ,  together  with t h e i r  

a u x i l i a r y  flow systems. 

ac t an t  gas i n l e t  systems occurred throughout t he  program. 

Modifications i n  the  design and operation of t he  r e -  

A t o t a l  of 31 runs was made i n  the  induction-heated rock 

r eac to r  using grani te ,  an ac id i c  basa l t ,  and t e k t i t e s  a s  t he  s i l i c a t e  mater ia l .  

Eighteen runs were made i n  the  resistance-heated rock. reac tor  using grani te  and 

an  a c i d i c  b a s a l t  a s  the s i l i c a t e  material .  The reducing agents were methane and/ 

or elemental carbon. The s igni f icant  achievements a t t a ined  a r e  summarized below. 

1 
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a. Reduction of S i l i c a t e s  

Reduction of s i l i c a t e s  with carbon r e s u l t e d  i n  as 

high as 96% conversion t o  carbon monoxide. 

lower conversions were obtained; t he  remainder of t he  methane-carbon w a s  

recovered as  elemental carbon. S igni f icant  amounts of metal, containing as 

high as 62.4% elemental s i l i c o n ,  were formed. 

When methane was used, somewhat 

b. I n l e t  Tibe Design 

The design of t he  i n l e t  tube f o r  in+,roducing methane 

i n t o  the  s i l i c a t e  m e l t  w a s  a major problem throughout t h e  course of t h i s  re- 

search. Clogging of t h e  i n l e t  tube due t o  deposi t ion of carbon l imi t ed  t h e  

dura t ion  of  the experiments. 

ves t iga ted :  

ca te ,  and ( 2 )  removal of deposited carbon by a tungsten carbide reamer. 

(1) worked well for carbon removal; however, t h e  ac t ion  of t he  molten s i l i c a t e  

caused excessive corrosion of t he  z i rconia  i n l e t  tubes.  The reamer (Method 2)  

worked successful ly  and permitted runs of much longer durat ion.  

Two methods of preventing carbon buildup were in -  

(1) removal of deposited carbon by r eac t ion  with t h e  molten s i l i -  

Method 

c .  Mater ia l  Compatibil i ty 

It w a s  found t h a t  a t  t h e  high operat ion temperatures,  

compat ibi l i ty  w a s  a problem with t h e  r eac to r  ma te r i a l s ,  t h e  methane gas ,  t h e  

s i l i c a t e  melt, and the  reac t ion  products.  

methane w a s  found t o  be p a r t i c u l a r l y  corrosive t o  t h e  z i rconia  i n l e t  and c ruc ib l e  

mater ia l s .  

s i l i c a t e  m e l t  when continuous a g i t a t i o n  of t he  m e l t  w a s  e f f ec t ed .  

Carbon formed from f r e s h l y  cracked 

I n  addi t ion ,  it w a s  found t h a t  t h e  z i rconia  w a s  a t tacked  by t h e  

d .  Methods of Carbon Addition 

The addi t ion  of carbon w a s  accomplished i n  most of t h e  

This method r e s u l t e d  i n  runs by t h e  d i r ec t  addi t ion  of methane i n t o  t h e  m e l t .  

Up t o  60% conversion of t h e  methane t o  carbon monoxide. 

which t h e  reac tor  w a s  charged with a mixture of carbon and s i l i c a t e ,  up t o  

100% of t h e  carbon was converted t o  carbon monoxide before  methane w a s  added 

t o  t h e  m e l t .  

taken i n  one run; 96% conversion of carbon t o  carbon monoxide was obtained - 
a highly s ign i f i can t  r e s u l t .  

I n  those runs i n  

slow, continuous addlt;ion of carbon t o  a s i l i c a t - e  m e l t  w a s  under- 

2 
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e.  Heating Methods 

The induction-heated reac tor ,  which could handle 0.25 

l b  of rock, operated most successfully with hydrogen cooling of t h e  methane i n -  

l e t  tube.  Experiments with t h i s  apparatus gave quan t i t a t ive  carbon balances. 

However, d i f f i c u l t i e s  were encountered with t h i s  apparatus due t o  problems 

associated with induction-heating of the reac tor .  

The l a rge r  scale,  res is tance-heated furnace w a s  found 

t o  be more reliable i n  operation. 

was operated f o r  18 runs with no furnace f a i l u r e s .  

The r eac to r  employing t h i s  method o f  heating 

f .  Carbon Balances 

Excellent carbon balances were achieved with t h e  in -  

duction-heated reac tor .  The methane-carbon could be quan t i t a t ive ly  recovered 

a s  carbon monoxide, carbon dioxide, and elemental carbon. With the  res i s tance-  

heated reac tor ,  the  bes t  carbon balance was 96% (recovered a s  CO).  

achieved by the  gradual addi t ion  of  elemental carbon t o  a s i l i c a t e  m e l t  over a 

28-hour period. 

This w a s  

When methane was used, a considerable amount of t h i s  

reducing agent w a s  converted t o  elemental carbon. This carbon could not be 

recovered from t h i s  reactor .  

2. Task 2, Carbon Monoxide Reduction, Methane Synthesis 

a. Design, Construction and Testing 

Two bench-scale t e s t  u n i t s  were designed, fabr icated,  

and t e s t e d  t o  determine the  f e a s i b i l i t y  of t he  second s t e p  of  t he  Aerojet 

Carbothermal Process. 

(1) A small, manually operated reac tor  (10 scfh of 

r eac t an t  gas) w a s  designed, b u i l t ,  and t e s t e d  f o r  t he  reduction of carbon mon- 

oxide wi th  hydrogen. Maximum f l e x i b i l i t y  of operation was s t r e s sed  t o  provide 

t h e  a b i l i t y  t o  operate a t  temperatures of 200 t o  900 C,  a t  pressures of 1 t o  7 
a t m ,  and a t  hydrogen/carbon monoxide mole ra t ios  ranging from 1:l t o  4:l. The 

c a t a l y s t  chamber w a s  fabr ica ted  from a Type 316 s t a i n l e s s - s t e e l  f in-tube i n  

0 

3 
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order  t o  withstand the  high temperatures and high heat  f luxes  required.  

cooling w a s  used t o  remove the  heat  of reac t ion .  

s t r a t e d  t h a t  t h e  equipment can be operated successfu l ly  a t  temperatures ranging 

from 200 t o  900 C ,  and a t  pressures  varying from 1.0 t o  7.0 a t m .  

t u r e s  of t h e  th ree  ca t a lys t  bed sec t ions  were cont ro l lab le  t o  +2 - C with a 

d i f f e r e n t i a l  of - +2OO0C. 

and ac t iva t ed  by flowing hydrogen through it a t  temperatures up t o  450 C f o r  

5 hours. Three preliminary runs demonstrated t h a t  t he  equipment w a s  capable 

of y i e ld ing  excel lent  data  f o r  t he  intended research.  

A i r  

Tests were made which demon- 

0 The tempera- 
0 

An i n i t i a l  charge of c a t a l y s t  w a s  successfu l ly  reduced 
0 

(2) This carbon monoxide reduction r eac to r  w a s  modi- 

f i e d  i n  a number of ways t o  achieve automatic operat ion f o r  long-term c a t a l y s t  

l i f e  s tud ie s  of 60- t o  90-day durat ion.  

operat ing conditions w a s  a l s o  made poss ib le  by t h e  modifications.  

which w a s  used t o  remove t h e  heat  of reac t ion ,  g r e a t l y  improved and s impl i f ied  

catalyst-bed temperature cont ro l .  Multi-feed i n j e c t i o n  of t h e  gaseous react ,ants  

provided a more uniform catalyst-bed temperature and r e su l t ed  i n  long c a t a l y s t  

l i f e  a t  high space ve loc i t i e s .  Automatic pressure,  temperature, flow, l e v e l -  

cont ro l ,  and shutdown devices were used which permitted unattended operat ion.  

A f t e r  l eak- tes t ing  and reduct ion of t h e  c a t a l y s t  with hydrogen, preliminary 

tes t s  were made which demonstrated t h e  s u i t a b i l i t y  of t he  equipment f o r  extended 

c a t a l y s t  l i f e  t es t s  a 

Greater f l e x i b i l i t y  i n  t h e  choice of 

Water cooling, 

b. Data Acquisit ion 

The manually operated t e s t  u n i t  w a s  used t o  obtain 

data on t h e  reduction of carbon monoxide wi th  hycirogen over a wide v a r i e t y  of 

r eac t ion  conditions.  .Three d i f f e r e n t  c a t a l y s t s  were evaluated.  I n  add i t lon ,  

a series of runs w a s  made t o  determine (1) how various impur i t ies  i n  the  re-  

ac t an t  gas a f f e c t  c a t a l y s t  a c t i v i t y ,  and ( 2 )  t h e  f e a s i b i l i t y  of accomplishing 

t h e  reduction without a c a t a l y s t .  

t h a t  t he  best  of c a t a l y s t s  had a use fu l  l i f e  i n  excess of 6 months. 

The automatic t e s t  u n i t  w a s  used t o  demonstrate 

(1) Cata lys t s  Tested 

The three c a t a l y s t s  tes ted gave good conversions 

of carbon monoxide t o  methane and water. Ca ta lys t  C-0765-.1001 (25% n icke l  on 
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kieselguhr)  w a s  se lec ted  f o r  f u r t h e r  t e s t i n g  because it w a s  more ac t ive  than 

the  others ,  giving complete carbon monoxide conversion t o  methane and water a t  

high space ve loc i ty  (1000 hr-1) and low temperature ( 25OOC). A s e r i e s  of four 

runs was made without ca t a lys t  (bare  tube) i n  the  reac tor .  

a maximum carbon monoxide conversion of only about 44%, 15 t o  25% of which went 

t o  carbon dioxide r a the r  than t o  methane and water. 

These runs showed 

(2 )  Temperature 

Catalyst  bed temperatures of 200 t o  500°C were 

tes ted .  

250 C, whereas t h e  other  ca t a lys t s  were found t o  requi re  350 and 425OC, re -  

spect ively,  f o r  optimum conversion. 

The bes t  ca t a lys t  (c-0765-1001) w a s  found t o  operate s a t i s f a c t o r i l y  a t  
0 

(3) Pressure 

Catalyst  bed pressures of 1 t o  7 atm were used. 

Although the  ca t a lys t s  were found t o  operate successful ly  a t  1 a t m ,  increasing 

the  pressure t o  6.1 a t m  was found t o  t r i p l e  the  usable space ve loc i ty  and t o  

decrease g rea t ly  the  unwanted y i e l d  production of carbon dioxide. 

(4)  Space Velocity 

Space ve loc i t i e s  of 500 t o  3000 hr’l were inves t i -  

gated. Usable space a c t i v i t i e s  of about 1000 h r - l  were found for t h e  t w o  l e s s  

a c t i v e  c a t a l y s t s ,  whereas a space veloci ty  of 2500 h r  gave s a t i s f a c t o r y  con- 

vers ions and y i e lds  f o r  Catalyst  C-0765-1001. 

-1 

( 5 )  H2/C0 Mole R a t i o  

Mole r a t io s  of 2 . 9 8 : i t o  4 .1 : lwere  invest igated.  

The l e s s  ac t ive  ca t a lys t s  were found t o  require  H /CO r a t i o s  of 3 .5: l  t o  

4.0: 1 f o r  s a t i s f a c t o r y  ccnversions , whereas Catalyst  C-0765-1001 w a s  found t o  

give exce l len t  conversion a t  a 3 . l : l r a t i o ,  y ie ld ing  a product gas composition 

averaging 88.7% CH4, 10.8% H2, 0.08% C02, 0.00% CO, and 0.4% H20 for a 92-day 

continuous run. 

2 

(6) Material Balances 

Good t o  exce l len t  (100% 25%) mater ia l  balances 

were obtained i n  almost a l l  runs. A negl igible  amount of carbon was l o s t  

5 
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(deposited on t h e  c a t a l y s t )  with the  c-0765-1001 c a t a l y s t  

were found i n  t h e  water or product gases.  
No impur i t ies  

(7)  Heat Balances 

Heat balances made on t h e  automatic t e s t  u n i t  

gave a heat  of r eac t ion  of 54 kcal/mole of carbon monoxide ( t h e o r e t i c a l ,  

51.3 kcal/mole (20). 

(8) Multiple Feed Lines 

The feed gas t o  t h e  c a t a l y s t  bed w a s  s p l i t  i n t o  

f i v e  equal streams which were fed  i n t o  t h e  c a t a l y s t  bed a t  3-in.  i n t e r v a l s .  

This method of addi t ion  lowered the  maximum c a t a l y s t  bed temperature and made 

poss ib le  high space v e l o c i t i e s  without carbon deposi t ion or c a t a l y s t  deact iva-  

t i o n .  

(9) Pressure Drop 

The pressure drop across  the  c a t a l y s t  bed w a s  
-1 found t o  be qui te  low ( i - e . ,  0.15 i n .  Hg a t  1000 h r  

appreciable  pressure drop increase  occurred during a 92-day continuous run. 

(10) Catalyst  Poisons 

space ve loc i ty ) .  No 

Sulfur  and phosphorus were found t o  poison t h e  

n icke l  catalyst and thus must be removed from t h e  feed gases t o  t h e  carbon mon- 

oxide reduction un i t .  

ca t a lys t ;  i t  w a s  reduced t o  N$ (75 w t % )  and N2 (25 w t % > .  

water i n  t h e  amounts normally present  i n  t h e  c a t a l y s t  bed were not  found t o  be 

harmful. A l o w  concentration of ni t rogen (0.5% N2) p resent  i n  t h e  carbon mon- 

oxide feed gas d id  not harm t h e  catalayst. 

Nitrogen oxide (NO)  w a s  found not. t o  damage the  

Carbon dioxide and 

(11) Catalyst  L i f e  

Cata lys t  C-0765-1001 gave exee l len t  conversion 

and y i e l d s  a f t e r  a t o t a l  of 154 days of operat ion i n  t h e  automatic u n i t .  N o  

measurable change i n  c a t a l y s t  a c t i v i t y  had taken p lace  during t h a t  l eng th  of 

time even though space v e l o c i t i e s  as high as 3000 h r  and H2/C0 mole r a t i o s  

as low as 2.97:1 were t e s t e d  f o r  s u b s t a n t i a l  t i m e  per iods during t h e  long-dura-, 

t i o n  runs.  

-1 
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B. CONCLUSIONS 
i 

1. Task 1, Carbothermal Reduction of Silicates 

a. The objective of the program has been achieved. The 

feasibility of the near-quantitative recovery of carbon when it is reacted 

with molten silicates was demonstrated. Most of this carbon was obtained as 

carbon monoxide. When methane was used as the reducing agent, some of the 
methane was converted to carbon which was difficult to recover and caused 

corrosion of the zirconia inlets and reactors. 

b. The continuous addition of methane to the silicate 

melt can be achieved over a 48-hour period when a tungsten carbide reamer is 

used to prevent the clogging of the inlet tube. Mechanical means can be used 

to overcome the inlet-tube clogging. However, corrosion problems due to attack 

of carbon on zirconia became serious using this technique. These corrosion 

problems may be eliminated by the use of properly designed protective molybdenum 

liners placed on the inside wall of the inlet tube. 

c. Operation of the Aerojet Carbothermal Process may require 

some make-up carbon as quantitative carbon balance is not easily achieved. 

This is not a serious problem as carbon will be present at a manned lunar base 

as waste material. 

d. The low-temperature cracking of methane (lOOOo to 12OO0C) 
can be introduced into the process as a fourth step. This would give satis- 

factory carbon balances and solve the materials compatibility problems associated 

with the methane-zirconia system. 

e. In the design of experimental apparatus used for 

studying this reaction, high-temperature resistance-heating of reactors is 

superior to induction-heating. The problems encountered appear to be inherent 

in the use of induction-heating f o r  this particular reaction system. 

f. The first step of the Aerojet Carbothermal Process can 

use a variety of silicate material. 
cates were used in this study: granite, acidic basalt, and tektites. 

Three types of naturally occurring sili- 

7 
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2. Task 2, Carbon Monoxide Reduction, Methane Synthesis 

a. The objec t ive  of t h e  program has been achieved. The 

f e a s i b i l i t y  of t h e  quan t i t a t ive  reduct ion of carbon monoxide with hydrogen 

t o  form methane and water u t i l i z i n g  a modified Fischer-Tropsch synthes is  w a s  

unequivocally demonstrated a 

b. Reaction conditions were found which y i e l d  (1) 

v i r t u a l l y  quant i ta t ive  conversion of carbon monoxide t o  methane and water, (2 )  

carbon dioxide i n  less than l.O$, (3) neg l ig ib l e  carbon formation, (4) methane 

as the  exclusive organic product, and (5 )  an 89% methane concentration i n  t h e  

product gas a 

c. A nickel-containing c a t a l y s t  w a s  found which achieves 

these  excel lent  r e s u l t s  a t  low c a t a l y s t  bed temperature, low pressure,  and high 

space veloci ty  (250 C y  1.0 t o  6.0 a t m ,  and 100 h r  
0 -1 , respec t ive ly) .  

d. The uncatalyzed reduct ion of carbon monoxide wi th  

hydrogen does not produce s u f f i c i e n t l y  high y i e l d s  of methane and water t o  

warrant fu r the r  consideration. Maximum carbon monoxi.de conversion w a s  only 

44% a t  700 C,  and t h e  y i e l d  of carbon dioxide w a s  i n t o l e r a b l y  high (15 t o  25%) 
0 

e. Sulfur and phosphorus compounds must be completely 

removed f r o m t h e  reac tan t  gases p r i o r  t o  contac t  with t h e  c a t a l y s t  bed t o  ob- 

t a i n  su i t ab le  c a t a l y s t  l i f e .  

f .  Two continuous, long-duration runs using Catalyst 

C-0765-1001, t o t a l i n g  154 days of operation, proved t.hat t he re  w a s  no measurable 

dec l ine  i n  ca ta lys t  a c t i v i t y  i n  t h a t  l ength  of t i m e .  

design methanation u n i t s  t h a t  w i l l  have su f f i c i en t* ly  long l i f e - t imes  t o  support 

permanent lunar bases. 

It should be poss ib le  t.0 

g.  A water-cooled r e a c t o r  allowed higher  space v e l o c i t i e s  

while maintaining exce l len t  conversions and product y i e ld .  

heat  t r a n s f e r  i s  super ior  t o  t h a t  provided by a i r  cooling. 

T'his method Of 

C. FZC OMMENDATIONS 

The Aerojet Carbothermal Process f o r  l una r  oxygen manufacture has 

t h r e e  e s sen t i a l  steps : (1) t h e  reduct ion of me ta l l i c  s i l i c a t e  with methane t , O  

8 
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t 
form carbon monoxide and hydrogen; (2)  t he  reduction of carbon monoxide with 

hydrogen t o  form methane and water; and (3) the  e l e c t r o l y s i s  of water t o  form 

hydrogen and oxygen. 

hydrogen returned t o  the  system. The f e a s i b i l i t y  of Steps 1 and 2 of t h e  

process w a s  demonstrated on Contract NAS 7-225. 

The process i s  cycl ic  i n  nature,  with t h e  methane and '  

1. Further research i s  required on Step (l), t he  reduction of 

s i l i c a t e s , w i t h  methane, t o  devise methods f o r  t he  quan t i t a t ive  introduct ion of 

methane i n t o  s i l i c a t e  melts t o  achieve quan t i t a t ive  conversion of  methane- 

carbon t o  carbon monoxide. This research should be continued. 

0 2. The incompatibi l i ty  of t he  methane-zirconia system a t  1600 C,  

which r e s u l t s  i n  severe corrosion of the zirconia ,  i s  a ser ious problem i n  the  

design of  t he  s i l i c a t e  reactor ;  the  e f f o r t  t o  devise a so lu t ion  t o  t h i s  problem 

should be continued. 

3 .  A modification of  the process by the  introduct ion of another 

s tep ,  t h e  low temperature (1000 t o  12OO0C) cracking of methane, followed by the  

slow addi t ion  o f  carbon t o  the  s i l i c a t e  melt, i s  f eas ib l e  and should be inves t i -  

gated. This complicates t he  process by the  addi t ion  of t he  ex t ra  s tep,  but  

avoids many of t h e  problems encountered i n  t h e  three-s tep  process associated 

with Recommendations 1 and 2 above. 

4. A l a rge r  carbon monoxide reduction u n i t  should be designed 

and tes ted u t i l i z i n g  a mult i -catalyst  tube assembly with multi-feed l i n e  de- 

sign. This u n i t  w i l l  be used t o  provide engineering data  f o r  t he  design of a 

l ightweight  lunar  p lan t .  

5. The separat ion of water i n t o  i t s  elements i s  required f o r  

many of t h e  chemical cycles which w i l l  f i nd  use i n  e x t r a t e r r e s t r i a l  appl icat ions,  

including Step (3) of t he  Aerojet Carbothermal Process. 

be t h e  only p r a c t i c a l  method f o r  t h e  decomposition of water. 

commercially ava i lab le  equipment cannot be u t i l i z e d  i n  cases where l i g h t  weight 

i s  requi red  f o r  payload savings. 

jud ic ious  choice of e lectrode materials and e l e c t r o l y s i s  methods. The i m -  

portance of t h i s  reac t ion  requires  that  it be supplied promptly. 

E lec t ro lys i s  appears t o  

Unfortunately, 

Electrode e f f ic iency  can be improved by 

Y 
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111. TECHNICAL DISCUSSION 

Research on Contract NAS 7-225 w a s  i n i t i a t e d  on 22 Apr i l  1963 and com- 

p l e t ed  on 15 J u l y  1965. 
November 1963, was devoted t o  a study of t h e  second s t e p  of t h e  Aerojet  Carbo- 

thermal Process. This research i s  reported i n  d e t a i l  i n  Reference 1 and i s  

summarized herein. The second research period, 16 November 1963 through 15 
J u l y  1964, was devoted t o  a study of the  f i rs t  s t e p  of  t he  process.  

research  i s  reported i n  d e t a i l  i n  Reference 2 and i s  summarized herein.  

t h i r d  and l a s t  research period, 16 J u l y  1964 through 15 Ju ly  1965, w a s  devoted 

t o  s tud ie s  of both t h e  f irst  and second s t eps  of t h e  process.  This research  

i s  reported i n  d e t a i l  herein.  

t a sks :  Task 1, Carbothermal Reduction of S i l i c a t e s ;  and Task 29 Carbon Monoxide 

Reduction, Methane Synthesis.  

The f irst  research period, 22 Apr i l  through 15 

This 

The 

The o v e r a l l  program w a s  divided i n t o  two major 

A. THE AEROJET CARBOTHERMAL PROCESS FOR LUNAR OXYGEN MANUFACW 

The Aerojet Carbothermal Process f o r  manufacturing propel lan t  

oxygen from lunar si l icates i s  presented i n  t h e  flow cha r t  a t  t h e  t o p  of t h e  

following page and i s  expressed by t h e  following equations (magnesium s i l i c a t e ,  

MgSiO t y p i f i e s  lunar  rock):  3’ 
1625OC 

MgSiO + 2 CH4 MgO + S i  + 2 CO + 4 H2 
3 

Step (1) 

25OoC - 2 CH4 + 2 H20 Step ( 2 )  2 CO + 6 H2 

7 5 O C  
2 H20 - 2 H 2 + O2 

In Step (l), t h e  s i l i c a t e  i s  reduced t o  carbon monoxide, s i l i c o n ,  

and s l a g  using methane as a reducing agent .  

c a t a l y t i c a l l y  reduced with hydrogen t o  form methane and water. 

recycled t o  Step (1); t h e  water i s  e l ec t ro lyzed  i n  Step (3) where t h e  oxygen i s  

I n  Step (2 ) ’  t he  carbon monoxide i s  

The methane i s  

obtained as a product. 

S i l i c a t e  rock i s  t h e  only mater ia l  consumed i n  t h e  process.  

i n  any form i n  t h e  r a w  material, it w i l l  a l s o  be obtained as a product. 

The hydrogen formed i n  Step ( 3 )  i s  recycled i n t o  Step ( 2 ) .  

I f  water i s  present  
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Ideally, only meta l l ic  s i l i c a t e s  and energy a r e  required as ex- 

pendables. Hydrogen and methane a r e  required i n i t i a l l y  f o r  process s ta r t -up ,  

bu t  these  materials are regenerated by the  process and a r e  recycled continuously. 

This f a c t  i s  emphasized by combining the  th ree  s t eps  of t he  process t o  give the  

following chemical equation which represents t h e  sum of the  process: 

B. TASK 1, CARBOTHEBMAL REDUCTION OF SILICATES 

1. Basis f o r  Choice of S i l i c a t e  Material 

I n  the development of a chemical process f o r  u t i l i z i n g  lunar  

r a w  materials, it i s  necessary t o  choose a mater ia l  representat ive of t he  lunar  

surface.  

sur face  w i l l  be known af ter  i t s  examination by var ious probes and by t h e  men 

of t h e  Apollo missions; however, t he  de ta i led  repor t  of composition w i l l  have t o  

await t h e  establishment of lunar  bases and geological  exploration. 

The mineral composition of an extremely small f r a c t i o n  of  t he  lunar  

11 
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Inso fa r  as the  processing of lunar  rock f o r  t he  production of 

water and oxygen i s  concerned, i t  i s  use fu l  t o  consider t he  bulk composition of 

lunar  mater ia l .  The gross  composition of t he  Moon can probably be b e s t  repre-  

sented by a mixture of me ta l l i c  s i l i c a t e s  with t h e  i r o n  i n  an  unknown oxida- 

t i o n  s t a t e  (Reference 3 ) .  
i s  consis tent  with cosmogenic theor ies  of t he  s o l a r  system. Earth, Moon, and 

meteor i t ic  matter may be thought t o  have t h e  same general  cornposition, except 

f o r  i r o n  content (Reference 3).  
from i t s  mean dens i ty  of 3.34 g/cu cm, it may be concluded t h a t  only small 

percentages of f r e e  i r o n  may be found. If t h e  i r o n  were removed from t h e  

Earth o r  f r o m  meteorites,  the composition of these  bodies would then more 

c lose ly  resemble t h a t  of igneous rock. I n  a recent  paper, Kopal (Reference 4) 
suggests t ha t  t he  Moon i s  of approximately the  same composition as t h e  t e r r e s -  

t r i a l  mantle. The t e r r e s t r i a l  mantle has a much higher dens i ty  (approximately 

4.5 g/cu em) than t h a t  of lunar  rock; t h i s  may be accounted f o r  by pressure-  

compression of presumed mantle rockets .  Unfortunately, samples of mantle rock 

a r e  not  ava i lab le  t o  t e s t  t h i s  hypothesis. 

This conclusion i s  drawn from observat ional  da ta  and 

The Moon does not appear t o  have an i r o n  core; 

I n  choosing a t e r r e s t r i a l  sample representa t ive  of lunar  

rock, c rus t a l  o r  igneous rock i s  a l o g i c a l  choice f o r  two major reasons: 

t h e  composition resembles both meteor i t ic  material and the  bulk of t h e  Earth 

with i r o n  removed, and ( b )  t he  dens i ty  of igneous rock (3.3 g/cu cm) i s  c lose  

t o  t h e  mean densi-ty of t he  Moon. 

(a)  

Representative lunar  mater ia l  may a l s o  be found among mater ia l s  

having e x t r a t e r r e s t r i a l  o r ig in .  

5 )  presents  a b a s i s  f o r  t h e  b e l i e f  t h a t  t e k t i t e s  have a lunar  o r i z in .  

be t rue ,  then e i t h e r  t h e  lunar  composition i s  high i n  s i l i c a ,  or mater ia l  has 

been d i f f e ren t i a t ed  i n  t h e  lunar  c rus t  with l i g h t e r ,  s i l i c a - r i c h ,  t e k t i t e  

mater ia l  concentrated on t h e  surface.  

A recent  paper by Chapman and Larson (Reference 

If t h i s  

The n a t u r a l l y  occurring materials used i n  t h i s  research  were 

samples of grani te  and a c i d i c  b a s a l t ,  as r ep resen ta t ive  of igneous rock, and 

Indochini tes ,  as representa t ive  of t ek t i tes .  Chemical analyses  of t h e  g r a n i t e  

and b a s a l t  are  given i n  Table 1 where t h e i r  composition can be compared t o  t h e  

12 
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estimates of t he  maria regions according t o  Urey and of t he  terrae regions 

according t o  Kuiper (Reference 6).  The g ran i t e  w a s  obtained i n  the  Cactus 

F l a t s  regions of the  San Bernardino Mountains near San Bernardino, Cal i fornia .  

The a c i d i c  basa l t  was obtained from the Pisgah Crater i n  San Bernardino County 

and f rom the  Columbia River Basin (CRB). 

and were purchased from the  Wards Natural Science Establishment. 

mate range of composition of Indochinite t e k t i t e s  (taken from Reference 7) 
i s  shown i n  Table 2. 

The Indochinites a r e  from Thailand, 

The approxi- 

2. Research Using an Induction-Heated Reactor 

This research on the reac t ion  of methane with molten, natural  

s i l i c a t e s ,  using an induction-heated reactor ,  w a s  car r ied  out under t h e  second 

research period of Contract NAS 7-225 (Reference 2 ) .  The r e s u l t s  of this work 

a r e  summarized below. 

a. Bench-scale equipment w a s  designed and fabr ica ted  f o r  

use i n  determining the  f e a s i b i l i t y  of t he  first s t e p  i n  the  Aerojet Carbo- 

thermal Process. This equipment consisted of an induction-heated rock r eac to r  

(50 cu cm capaci ty)  together  with i t s  aux i l i a ry  flow system. Modifications i n  
+Ln v--- ??z:gn, espec ia l ly  of t he  gas i n l e t  tubes, occurred throughout t h e  program. 

Schematic flow diagrams of t he  apparatus are shown i n  Figure 1. 

i n d u s t r i a l  and laboratory equipment and materials were used wherever possible  

i n  the  f ab r i ca t ion  of t h e  u n i t  i n  order t o  speed and s implify construct ion.  

The f ab r i ca t ed  un i t  and i t s  components a r e  shown i n  Figures 2, 3 ,  and 4. 
runs were devoted t o  t he  t e s t i n g  o f  the apparatus. 

1900 C were reached while exce l len t  heat cont ro l  w a s  maintained. Table 3 
summarizes t h e  t en  t e s t  runs.  

Standard 

Ten 

Temperatures as high a s  
0 

b. Data obtained f r o m  a t o t a l  of 22 runs ind ica te  t h a t  t he  

first s t e p  of t h e  carbothermal process can be adapted t o  lunar  s i l i c a t e s .  The 

r eac t ion  conditions and r e s u l t s  a r e  summarized i n  Table 4. 

(1) Reduction o f  s i l i c a t e s  with carbon or with methane 

produced carbon monoxide and s igni f icant  amounts of s i l i c o n .  Near-quantitative 

recoveries  of 

were obtained 

and g ran i t e  ) . 

carbon were achieved. It i s  most s ign i f i can t  t h a t  these  r e s u l t s  

with a l l  of the natural  s i l i c a t e s  used ( i . e . ,  t e k t i t e s ,  basalt, 
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(2 )  An i n l e t  tube design which was evolved during 

the  program allowed t h e  de l ivery  of methane i n t o  molten rock f o r  extended time 

periods without t he  l o s s  of carbon or t he  premature cracking of methane i n  

the  i n l e t  tube. This design cons is t s  of a t r ip le -wal led  i n l e t  tube t e r d n a t i n g  

i n  a "be l l "  which extended i n t o  the  molten rock. 

i n  t h e  outer jacke t  t o  cool the  rap id ly  flowing methane which en te r s  t h e  ! 'hell" 

via the  center tube. 

methane, permitt ing methane cracking t o  occur above the  melt surface.  

methane escaped through the  melt when t h i s  type of  i n l e t  w a s  used, and quanti-  

t a t i v e  recoveries of carbon (as e i t h e r  GO or elemental carbon) were achieved. 

Cooling hydrogen can c i r c u l a t e  

The "be l l "  provides a lower l i n e a r  ve loc i ty  f o r  the  

No 

( 3 )  With the iuse  o f  z i rconia  c ruc ib les  and i n l e t  tubes 

fabr ica ted  from zirconia ,  alumina, and Zircoa Cast, i.t w a s  determined t h a t  t he  

optimum temperature f o r  t he  s i l i c a t e  reduction w a s  near 1600 G .  

temperature, carbon monoxide production w a s  low due t o  formation of carbides;  

above t h i s  temperature, carbon reacted with the  ceramic mater ia l s  of t h e  i n l e t  

tube and crucible.  

0 Below t h i s  

3 .  Research Using a Resistance-Heated Reactor 

This sec t ion  contains a r epor t  of t h e  research performed on 

the  s i l i c a t e  reduction s t e p  during the  t h i r d  research period of Contract 

NAS 7-225. 

a. Design, Fabricat ion,  and Test ing of t h e  Resistance- 
Heated Reactor 

The s i l i c a t e  reduct ion u n i t  w a s  designed t o  contain a 

charge of approximately 1 l b  of s i l i c a t e  mater ia l  (g ran i t e  or ac id  b a s a l t ) ,  

u t i l i z i n g  a resistance-heated furnace. 

u t i l i z i n g  the information gained during the  preceding research per iod.  

The gas i n l e t  tubes were designed 

Figure 5 i s  a c ross -sec t iona l  assembly drawing of t he  

s i l i c a t e  reduction furnace which w a s  f ab r i ca t ed  for t h i s  p a r t  of t h e  program. 

The s t e e l  case i s  20 i n .  OD by 26 i n .  deep, and i s  designed t o  withstand a f u l l  

vacuum. 

and t o  keep the s t e e l  case cool. 

Approximately 6.5 i n .  of i n su la t ion  i s  provided t o  minimize heat  l o s ses  

High-grade z i rconia  w a s  used t o  f ab r i ca t e  the  

14 
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gas i n l e t  b e l l s  (0.75-in. OD), crucible (2.5-in. OD), hea te r  core ( b i n .  OD), 

and outer  sh ie ld  (6-5/8-in. OD).  

gas i n l e t  tubes (3/8-in. OD, 7/32-in. OD, and 1/8-in.  OD). 

f o r  t he  hea ter  element. 

f o r  t he  op t i ca l  pyrometer s igh t  tube, e l e c t r i c a l  heater  leads,  and gas i n l e t  

and o u t l e t  tubes. The 9.5-in.gID opening i n  the  furnace top  i s  sealed with a 

rubber O-ring. 

and sh ie lds .  

Pure alumina (99%+> was used t o  f ab r i ca t e  the  

Molybdemm w a s  used 

Vacuum-tight sea ls  were fabr ica ted  from rubber stoppers 

Zirconia blocks (not shown) are used t o  support t he  crucible  

Figure 6 i s  a flow diagram f o r  t h e  s i l i c a t e  reduction 

u n i t .  Provisions were made t o  evacuate and purge the  system with argon, t o  

meter methane or methane-hydrogen mixtures i n t o  the  rock, and t o  meter and 

analyze the  product gases. Hydrogen-cooling of the  i n l e t  tubes w a s  used i n  the  

e a r l y  runs. 

gas flow i n t o  and out of t he  i n l e t  tubes. A precis ion o p t i c a l  pyrometer w a s  

provided t o  measure the  temperature a t  t h e  middle of t h e  c ruc ib le  and a t  t h e  

top of t h e  i n l e t  b e l l s .  

i n s t a l l e d  t o  measure the  temperature a t  various loca t ions  i n  the  i n l e t  tubes. 

The product gas rate was measured by a wet- tes t  meter. 

i n  t he  probuct gas were measured by absorption -cubes. 

by the  on-stream gas chromatograph. In  addi t ion,  these  gas analyses were 

checked per iodica l ly  by mass spectrophotometry. 

A t ime-cycle-controller was provided on some runs t o  cont ro l  t h e  

Several  Chromel-Alumel thermocouples (not shown) were 

Water and carbon dioxide 

GaD ~;;ulj-:iz 7:"s y n T r i d e d  

The i n i t i a l  heating t e s t  of t he  furnace w a s  made with a 

This run demonstrated t h a t  t he  furnace small c ruc ib le  and a s ingle  i n l e t  tube. 

w a s  capable of a t t a i n i n g  temperatures of 1800 C o r  higher.  

modifications were made t o  improve the furnace operation. The hea ter  which 

w a s  fabr ica ted  from molybdenum wire wound on a zirconia  crucible  required l a rge r  

conductive leads t o  t h e  heating c o i l .  

s t a l l e d  on the  outs ide of the  case. The z i rconia  sh ie ld ,  z i rconia  heating 

c ruc ib le ,  and t h e  melting c ruc ib le  were shortened s o  t h a t  addi t iona l  sh ie ld ing  

and in su la t ion  could be i n s t a l l e d  t o  reduce heat loss f rom t h e  top  of  t h e  

furnace.  

0 However, severa l  

Several water-cooling c o i l s  were in -  
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I n  addi t ion,  covers were made from z i rconia  f o r  t he  

melting crucible  and f o r  t he  heat ing c ruc ib le .  

s t a i n l e s s - s t e e l  tubing w a s  i n s t a l l e d  i n  t h e  t o p  of t h e  furnace i n  order  t o  

maintain the  t o p  severa l  inches of the  i n l e t  gas tubes below the  cracking 

temperature of methane. 

A cooling c o i l  of 1/4-in. 

The i n l e t  tubes,  melting c ruc ib le ,  cool ing c o i l ,  and 

furnace out le t  tube were f ab r i ca t ed  as a u n i t  a t tached  t o  the  furnace cover 

(see Figure 5). 
i n su la t ion  was achieved by pouring alumina bubbles through holes i n  t h e  furnace 

cover. 

This permitted t h e  un i t  t o  be assembled from t h e  top. F ina l  

Several  modifications of t h e  rockr reduct ion furnace 

were made throughout t he  research e f f o r t .  These modifications are described 

below 

(1) A small rod or w i r e  w a s  i n s t a l l e d  i n  t h e  product 

gas o u t l e t  tube a f te r  Run 7. This rod entered through a packing gland i n  one 

l e g  of a tee  so t h a t  t h e  rod could be pe r iod ica l ly  r a i s e d  and lowered (1 t o  

2 i n .  ) i n  order t o  prevent t h e  o u t l e t  tube from becoming clogged with sublrfmate. 

( 2 )  Zirconia tubes ( 1/2-ina -OD by 18-in.  -long) were 

used f o r  i n l e t  tubes f o r  Runs 8 and 9 r a t h e r  than t h e  3/4-in.-OD b e l l s  sea led  

t o  1/8-in. tubes used earlier.  

problem. 

This change el iminated t h e  troublesome seal 

(3) A 0.003-in. - t h i ck  molybdenum l i n e r  w a s  i n s t a l l e d  

i n  t h e  reactant  gas i n l e t  tube f o r  Run 9. This prevented carbon from r e a c t i n g  

with t h e  zirconia  tube,  and thereby el iminated t h e  embrit t lement previously 

experienced. 

(4) The cycle t i m e r  opera t ion  f o r  feed  gas w a s  modi- 

f i ed  from a"20 min on, 10 min o f f "  cycle t o  an "8 min on, 2 min off"  cycle,  

and f i n a l l y  t o  an "8 min on, 50 see of f ,  10 see surge" cycle.  

i n  an e f f o r t  t o  f i n d  a means of removing carbon from t h e  reactant.  gas i n l e t  t.ube. 

This w a s  done 

( 5 )  A f i l t e r  w a s  i n s t a l l e d  i n  t h e  o u t l e t  gas l i n e  from 

the  furnace t o  remove dust  and/or carbon from t h e  o u t l e t  gas stream. 

16 
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(6) A b l i t e r  surge b o t t l e  was i n s t a l l e d  i n  t h e  out- 

l e t  gas l i n e s  downstream of the  juncture of t he  f’urnace o u t l e t  l i n e  t o  the  

o u t l e t  l i n e  from t h e  i n l e t  b e l l s .  !Phis permitted the  ou5let  gas streams t o  mix 

thoroughly so  t h a t  t h e  t o t a l  ou t l e t  gas composition could be accura te ly  measured. 

b. Reduction of Igneous Rock 

Eighteen runs were made with the  l a r g e r  rock reduction 

furnace. 

The runs have been divided i n t o  three  categories:  

was reduced with carbon, (2)  runs i n  which the  rock was reduced with methane 

and carbon, and (3) runs i n  which the  rock w a s  reduced y i t h  methane only. 

All but th ree  (Runs 1, 16, and 17) resu l ted  i n  some usefu l  data.  

(1) ru;?s i n  which t h e  rock 

(1) Runs with Rock and Carbon 

Three runs were made s t a r t i n g  with mixtures of 

rock and carbon i n  t h e  crucible  (Runs 6, 7 ,  and 10). 

continuous addi t ion of carbon t o  t h e  rock (Run 18). 
One m n  was made with 

Run 6 was made with 1 l b  of ‘basalt (-6 to +28 
mesh) mixed with 60.5 g of pure graphite (emission spectrograph e lec t rodes)  

ground t o  -6 t o  +28 mesh s i ze .  The purpose of t h i s  run was t o  determine i f  

e s s e n t i a l l y  100% of the  carbon could be recovered ( a s  CO) when enough graphi te  

w a s  added t o  the  rock t o  r eac t  with 50% of the  s i l i c a t e .  

The data f o r  Ran 6 a r e  presented i n  Table 5 and 

Although the  data  points  were taken every 50 min, t he  data a r e  re- Figure 7. 
ported i n  the  t a b l e  a t  4-hour in te rva ls  due t o  t he  length o f  t h e  run (68 hours). 
The cruc ib le  was heated a t  the  r a t e  of about 60°~/tiour, up t o  about 140C°C 

(see  Figure 7).  
melted a t  about 1200°C. 

rap id ly ;  t h e  r a t e  of heating w a s  ther, decreased. Trouble was experienced a f t e r  

31 hours of operation, a t  which time the  product gas o u t l e t  tube (1/2-in. I D )  

became clogged with sublimate. The furnace heater  was turned off  for severa l  

hours while an a l t e r n a t e  gas o u t l e t  tube was i n s t a l l e d ;  heat ing was then resumed. 

The c ruc ib le  temperature w a s  gradually increased as the  r a t e  of carbon monoxide 

evolut ion declined. 

0 Carbon monoxlde s t a r t ed  t o  evolve a t  about 1040 C. The basa l t  

A t  1k0OoC, carbon monoxide s t a r t e d  t o  evo1ve”rather 

The run w a s  terminated a f t e r  68 hours, a t  which time 86% of  
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t h e  graphi te  charged had been recovered as carbon monoxide and a c ruc ib le  wa l l  

temperature of 1785 C had been a t t a ined .  

being evolved very slowly ( i . e . ,  a t  a ra te  of 0.25%/hour). 

0 
A t  shutdown, carbon monoxide was  

Inspect ion of  t he  c ruc ib le  a f t e r  the  run (see 

Figures 8 and 9) showed t h a t  while it had been severely b l i s t e r e d  and somewhat 

deformed, i t  had not cracked. Metal and a small amount of s l a g  remained i n  

t h e  crucible .  A very small amount of sublimate w a s  found deposited i n  t h e  out- 

l e t  tube.  

t he  crucible ,  and w a s  deposited i n  t h e  in su la t ion  of t h e  furnace.  

The s l a g  w a s  absorbed by t h e  c ruc ib le  and/or vo la t , i l i zed  out of 

Run 7 w a s  made with 1 l b  of basalt (-6 t o  +28 

mesh) mixed with 60.5 g of f i n e l y  ground graphi te  (-28 t o  +48 mesh) - This run 

w a s  a dupl icate  of Run 6 except t h a t  t h e  graphi te  used w a s  more f i n e l y  ground. 

The purpose of  t h i s  experiment w a s  t o  determine whether t h e  more f i n e l y  ground 

carbon would r eac t  faster tpan the  Run 6 carbon and provide a higher carbon 

monoxide y ie ld .  

The r e s u l t s  of t h i s  run are shown i n  Table 6 and 

Figure 10. The reac t ion  d id  indeed go fas ter  with the  more f i n e l y  ground 

carbon; 36% of  t h e  carbon w a s  recovered as carbon monoxide i n  12 hours i n  Run 

7, as compared with 22 hours f o r  t h e  same carbon recovery i n  Run 6. 
became apparent t h a t  t he re  i s  an inherent  l i m i t a t i o n  on t h e  ra te  of gas produc- 

t i o n  using the cur ren t  apparatus.  If t h i s  rate i s  exceeded, foaming or f ro th ing  

of t h e  melt w i l l  r e s u l t .  Short ly  a f t e r  12 hours of operat ion,  t h e  gas o u t l e t  

tube clogged. Another gas o u t l e t  from the  furnace w a s  opened, but. t h e r e a f t e r  

t h e  r a t e  of carbon monoxide production dropped of f  rap id ly .  

It soon 

Examination of t h e  c ruc ib l e  a f t e r  the  run showed 

t h a t  t he  f i r s t  o u t l e t  tube w a s  clogged wi th  f r o t h  from t h e  m e l t .  

t he re  w a s  a layer  of  s o l i d i f i e d  foam about 1/2-in.  t h i c k  a t  t h e  t o p  of t h e  

c ruc ib le .  Calculations showed t h a t  t h e  maximum ra te  of carbon monoxide produc- 

t i o n  p r i o r  t o  clogging was 0.49 scfh  ( t o e e ,  22 scfh  pe r  sq f t  of c ruc ib l e  c ross -  

s ec t iona l  a rea)  

type of rock, s i z e  of c ruc ib le ,  e t c .  

temperatures up t o  1800°c d id  not  r e s u l t  i n  fill recovery of t h e  carbon; 74% 

I n  addi t ion ,  

This production ve loc i ty  should vary with t h e  m e l t  v i s cos i ty ,  

Prolonged hea t ing  of t h e  c ruc ib le  a t  

18 
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was recovered over a period of 60 hours. 

t h e  foaming of t h e  carbon and rock out of t he  c ruc ib le  ( i .e . ,  out of t he  hot 

zone). 

furnace. 

The low carbon recovery was caused by 

The reduction reac t ion  cannot take place out of the  hot zone of t h e  

Inspection and analyses of t h e  furnace in su la t ion  

(alumina bubbles) a f t e r  t h e  run showed the  presence of carbon. 

could have been deposited by the  decomposition of carbon monoxide on the  hot 

i n su la t ion  a f t e r  t he  gas o u t l e t  tube clogged. 

This carbon 

The spectrographic analyses of  t he  alumina bubbles 

from Run 7 are presented i n  Table 7. 
a s  taken i n  reverse order from the  furnace. Virgin bubbles a r e  composed of 

near ly  pure alumina with about 1.6% s i l i c a t e  as Si.  

t o  contain more s i l i c o n  ( s i l i c a )  a s  t h e i r  pos i t i on  approached the  top of t he  

c ruc ib le .  The bubbles were a l s o  found t o  be contaminated with appreciable 

q u a n t i t i e s  of molybdenum (from the furnace winding), sodimn (sublimed 

t h e  reduced melt) ,  and l e s s e r  quant i t ies  of magnesium and i ron.  

Figure 11 i s  a photograph of t he  bubbles 

The used bubbles were found 

from 

Table 7 presents  data on the  spectrographic analyses 

VI ” bi iC  ~ 1 I L C ” o C l  - U - ~ - ~ J  ”””-.,.*~-_ f-nm _ _  Thins 6 and 7. The s i l i c o n  content of  the  metal from 

Run 6 w a s  62.4%. 

ponds t o  nearly a 50% reduction of the s i l i c a  i n  the  basa l t  charged. 

graphi te  had been added t o  t he  crucible t o  reduce j u s t  50% of the  s i l i c a t e .  

Run 7, t h e  s i l i c o n  content of the  metal was only 15.1%; t h i s  low content probably 

came about because the  metal found i n  t h e  bottom of the  c ruc ib le  w a s  formed 

e a r l y  i n  t h e  run ( i . e . ,  before the  melt foamed over).  

addi t ion ,  contained appreciable quant i t ies  of aluminum, manganese, and t i tanium, 

and lesser quan t i t i e s  of copper and nickel.  

A mater ia l  balance shows t h a t  t he  s i l i c o n  i n  the  metal corres- 

Suf f ic ien t  

In  

The metal samples, i n  

s. The clogging of t he  gas o u t l e t  tube i n  Run 7 
caused t h e  c ruc ib le  t o  swell  and adhere t o  the  furnace wall .  This necess i ta ted  

a v i r t u a l l y  complete rebui lding of the i n t e r i o r  p a r t s  of  the  furnace. 

Run 10 was t o  be a dupl icate  of Run 6. One pound 

The basa l t  and graphi te  were Of b a s a l t  mixed with 60.5 g of graphite was used. 

crushed t o  the  same s i z e  as i n  Ruri 6. 
w a s  used i n  Run 10 as i n  Run 7. However, a f t e r  about 32 hours of operation, I t  

Approximately the  same r a t e  of heat ing 
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became apparent t h a t  something had gone wrong. 

oxide content i n  t he  product gas began t o  f a l l  o f f .  

t t o n ,  t h e  heating u n i t  s h i f t e d  i n  the  furnace and broke o f f  t h e  o p t i c a l  pyrome- 

t e r  s i g h t  tube. 

carbon recovery of only 54.5%. 
produced, i t  w a s  impossible t o  determine t h e  c ruc ib le  w a l l  temperature. 

t i o n  of t he  furnace showed t h a t  t he  m e l t  c ruc ib le  had broken and allowed some 

of t h e  molten rock t o  run i n t o  t h e  heat ing c ruc ib le .  

w a s  not determined 

F i r s t  of a l l ,  t h e  carbon mon- 

A f t e r  46 hours of opera- 

The run w a s  terminated a f t e r  47.5 hours of operat ion with a 

Although some carbon monoxide w a s  s t i l l  being 

Inspec- 

The reason f o r  f a i l u r e  

One pos i t i ve  r e s u l t  obtained from Run 10 was 

t h a t  it w a s  found t h a t  t h e  product gases d i d  not  contain any s u l f u r  and only a 

t r a c e  of phosphorlis. I n  t h i s  run, a l l  of t h e  product gases were bubbled through 

a 0 .1  N NaOH solut ion.  The so lu t ion  was then analyzed f o r  s u l f u r  and phosphorus. 

No s u l f u r  and only 1.6 ppm of phosphorus w a s  found. 

obta5ned i n  Run 3 .  
“his  confinns t h e  r e s u l t s  

Run 18 w a s  made with 1 l b  of b a s a l t  t o  which 

carbon black w a s  slowly and continuously added a f t e r  t h e  rock had been heated 

t o  154OOC. 

carbon black (12-16 mesh p e l l e t i z e d  furnace b lack)  w a s  dropped upon t,he t o p  of 

the  molten rock a t  t h e  average rate of 1 0 4 2  g/hr .  

tube through whPch the  carbon w a s  added w a s  terminated a t  t he  t o p  of tqhe c ruc ib l e .  

An alumina ou t l e t  tube and an alumina c ruc ib l e  cover were used. The c ruc ib le  

cover and i n l e t  and o u t l e t  tubes were c a r e f u l l y  cemented onto t h e  c ruc ib le  

with a zirconia cas tab le  r e f r ac to ry .  

The data  f o r  t h i s  run a r e  given i n  Table 8 and Figure 1 2 a  The 

The 3 /8-?n . -1~  alumina i n l e t  

Figure 1 2  i s  a p l o t  of c ruc ib le  temperature and 

carbon recovery vs t i m e .  

temperature was not high enough; thus  the  carbon d id  not r e a c t  as fast as it w a s  

fed ( t h e  i n t e r v a l  CC recovery w a s  less than 100%) e 

w a s  r a i s e d  f r o m  1560 t o  1600 C, t h e  carbon s t a r t e d  t o  r e a c t  faster than i t  w a s  

being fed,  and thus the  i n t e r v a l  CG recovery w a s  over 100% for seve ra l  hours. 

Thereafter,  the c ruc ib le  temperature was maintained s o  tha t  t h e  i n t e r v a l  CC 

recovery w a s  approximately 9O- lOO%.  

For t he  f irst  6 hours of operat ion t h e  c ruc ib l e  

A s  t he  c ruc ib l e  temperature 
0 

A f t e r  27.5 hours, when 34.2 g of carbon 
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(or 7.6 g C/100 g rock) had been charged, t he  carbon addi t ion  w a s  stopped. 

t h i s  point  t he  cumulative carbon recovery had r i s e n  t o  86%. 
the  heat on the  crucible  f o r  an addi t iona l  9.5 hours, more carbon i n  the  m e l t  

reacted t o  br ing the  cumulative carbon recovery up t o  96%. 
longed heat ing would have brought t h e  recovery up t o  near 100%. 

crucible  was recovered i n t a c t  without severe erosion from t h e  m e l t ,  i t s  appear- 

ance and ana lys i s  showed t h a t  considerable in t e rac t ion  with the  melt had taken 

place.  

A t  

By maintaining 

It appears t h a t  pro- 

Although the  

(2 )  Runs Using Carbon and Methane 

Run 2 was qui te  successful .  The data  f o r  Run 2 

a r e  reported i n  Table 9 and Figure 13. I n  this run, 392 g of basa l t  and 8 g 

(2%) of carbon were charged i n t o  a 0.25-in.-wall z i rconia  crucible  t h a t  w a s  

2.5 i n .  i n  diameter and 8 i n .  deep. 

alumina, and mul l i te  tubes were cemented t o  0.75-in.-dia by l2-in.-long zirconia  

b e l l s .  The b e l l s  extended t o  t he  bottom of t h e  c ruc ib le  which was f i l l e d  with 

the  b a s a l t .  The depth of t h e  molten basa l t  was estimated t o  be about 3 i n .  a t  

t h e  s tar t  of t he  run; it was only about 1.5 t o  2.9 i n .  deep a t  the  end of  t he  

?1n- The rn i c ib l e  w a s  placed i n  t h e  furnace and heated a t  t he  rate of about 

60°C/hour (see Figure 13 ) to  1600°C 

u n t i l  most o f  t he  carbon charged (87%) w a s  given o f f  a s  carbon monoxide. 

argon purge w a s  used t o  pro tec t  t he  molybdenum furnace winding and t o  t ranspor t  

the product gas through the  ana ly t ica l  t r a i n .  

s t a i n l e s s - s t e e l  c o i l  w a s  used t o  maintain the  top  severa l  inches of t he  gas i n l e t  

b e l l s  below the  methane cracking temperature. 

The three  i n l e t  tubes were fabr ica ted  from 

and was then maintained a t  1550 t o  ld0unc 

An 

0 Nitrogen (25 C )  cooling i n  $he 

A f t e r  the carbon monoxide content i n  the  product 

gas had dropped t o  below 0.5$, the  methane feed gas (95.2% CH4, 4.4% H2, 0.4% 

N2) w a s  introduced a t  the  r a t e  of 0.10 g mole/hour. 

dus t  i n  the  ex i t  gas stream a f t e r  a few hours had elapsed, so  t h e  methane r a t e  

w a s  increased t o  0.20 g mole/hour. 

Of a very small amount of carbon dust i n  the  product gas. 

turned off a f t e r  approximately 7 hours of operation. 

- not clogged, and the  conversion r a t e  had not f a l l e n  appreciably when the u n i t  w a s  

shut  down (see Figure 13). 

There was no s ign of carbon 

After t h i s  was done, t he re  was an ind ica t ion  

Methane flow w a s  

The gas i n l e t  l i n e s  had 
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The last  column i n  Table 9 gives t h e  cumulative 

recovery, a s  carbon monoxide and carbon dioxide,  of t h e  carbon charged. About 

87% of the  carbon charged w%th the  b a s a l t  w a s  recovered as carbon monoxide 

before t h e  methane feed gas w a s  turned on. T'he o v e r a l l  carbon recovery w a s  79%, 
which i s  b e t t e r  than t h e  recoveries  which w e r e  achieved on t h e  previous progran? 

when both carbon and methane were used (Reference 2)  

Inspect ion of t he  apparatus af t .er  t he  run 

showed t h e  following: 

(a) The cruc ib le  remained i n t a c t  throughout 

t h e  run, There were no bulges, i n t e r n a l  cracks,  o r  se r ious  pene t ra t ion  of t he  

w a l l s  by t h e  m e l t  (see Figure 14)0 

(b)  The i n l e t  tubes (alumina surrounded by 

mul l i t e )  were i n  exce l l en t  condition. 

deposftion. 

There were no cracks,, bulges, or carbon 

( e )  The i n l e t  be l l s  w e r e  i n  f a i r  condition 

(see Frigure 14)e 
t h e  seal  between t h e  i n l e t  tube and b e l l  opened. The o ther  two b e l l s  operated 

throughout the run without f a i l u r e .  There w a s ,  however, an appreciable  amount 

of carbon deposited on t h e  i n s i d e  of t he  b e l l s  from 5 t o  8.5 i n .  above t h e  out- 

l e t  end. 

not contact  i t  ( i s e o ,  t h e  pressure d i f fe rence  between t h e  b e l l  i n l e t  and t h e  

o u t l e t  from t h e  furnace w a s  not g rea t  enough t o  fo rce  t h e  melt t o  t h e  t o p  of  

the  b e l l  during t h e  "vent" cycle)  o r  that t h e  "vent" cycle ( 3  min out of every 

30 min) w a s  n o t  long enough t o  allow the  m e l t  t o  r e a c t  wit,h a l l  of t he  carbon 

t h a t  w a s  formed during t h e  "on" cycle.  

l i k e l y  t o  be the case.  

One of t h e  th ree  i n l e t s  w a s  shut  off  during the  run because 

The unreacted carbon may be explained by assuming t h a t  t h e  m e l t  d id  

The f i rs t  supposi t ion i s  much more 

( d )  The b e l l s  cracked while cool ing a f t e r  the  

run w a s  terminated. The i n l e t  tubes were r a i s e d  5 i n .  out of t h e  furnace over 

a period of 20 rnin a f t e r  terminat ion of methane flow i n  an attempt tqo salvage 

the  i n l e t  be l l s  f o r  another run. A slower withdrawal ra te  was ind ica ted  for 

fu tu re  runs. 
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(e)  Some of t he  alumina b a l l s  which were used 

f o r  insu la t ion  f e l l  i n t o  the  melt when the  i n l e t  b e l l s  were withdrawn. This 

was t h e  r e s u l t  of the crucible  cover s t icking t o  t he  i n l e t  b e l l s  a s  they were 

l i f t e d  out of t he  furnace. I n  t h e  next, run, the  cover w a s  wired t o  the  crucible ,  

preventing a recurrence of t h i s  problem. 

( f )  Some t rouble  w a s  experienced during the  

e a r l y  p a r t  of the  run with sublimate (a very f i n e  white dust probably composed 

of sodium compounds and other low-melt mater ia ls  from t h e  b a s a l t )  clogging the  

product gas f i l t e r .  This f i l t e r  w a s  redesigned; a second f i l t e r  w a s  i n s t a l l e d  

i n  s e r i e s  with the  f irst  so  t h a t  t h e  f i r s t  f i l t e r  could be bypassed and cleaned 

during a run. 

(g)  The product gas o u t l e t  l i n e  from t h e  furnace 

(5/16-in. alumina tube) was found t o  be near ly  clogged with sublimate. 

l i n e  w a s  increased t o  3/8-in. s i z e  and brought s t r a i g h t  up f rom t h e  furnace so  

it could be e a s i l y  cleaned during a run o r  could be used t o  add more rock t o  

t he  reac tor  during fu tu re  runs. 

This 

(3) Runs Using Methane Only 

Ten runs were maae III w i L L i A  k k z  y z d c  ( n r a n i t e  .- 
or a c i d  b a s a l t )  w a s  reduced by methane only. 

numerous changes were made i n  the  i n l e t  tube t o  prevent t h e  tubes from cracking 

and leaking and t o  prevent carbon from bui lding up i n  t h e  tubes.  

During t h i s  s e r i e s  of  runs, 

( a )  Fh-ln 3 

The data  f o r  Run 3 a r e  reported i n  Table 13 

and Figure 15.  
d i a  by 8-in.-deep, 0.25-in.-wall zirconia crucible .  

ones i n  Run 2 were used. The crucible was placed i n  the  furnace and heated a t  

t h e  r a t e  of about 75OC/hour up t o  155O0C. 

and through the  i n l e t  b e l l s  during the warmup. 

monoxide (0.2%) appeared i n  the  ex i t  gas as the  crucible  temperature approached 

1 5 5 O O C .  

gases up t o  t h i s  time. 

photometry (see Table 11). 

I n  t h i s  run, a charge of 454 g of g ran i te  w a s  placed i n  a 2.5-in.- 

I n l e t  tubes s imi l a r  t o  the  

Argon was purged through the  furnace 

A very small amount of carbon 

About 2 g of water and 0.3 g of carbon dioxide were found i n  the  product 

Gas samples were taken and analyzed by mass spectro- 

Samples 1 and 2, taken when t h e  crucible  w a s  a t  
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0 0 l l 5 O  C and 1350 C, respect ively,  d id  not show any impur i t ies  such as s u l f u r  o r  

phosphorus compounds. 

feed s tar ted when the  c ruc ib le  temperature reached 155O0C.  
then maintained a t  0.2 g/mole/hour and the  c ruc ib le  temperature w a s  held a t  

1550 t o  165OoC f o r  15.2 hours. 

were becoming clogged, with t h e  conversion of methane t o  carbon monoxide 

dropping gradually. 

The argon flow through t h e  b e l l s  w a s  stopped and methane 

The methane flow w a s  

The run w a s  terminated because b e l l s  1 and 3 

The rate of conversion of  methane t o  carbon 

monoxide (see Table 10) increased slowly from about 40% f o r  about 9 hours aft.er 

t h e  run w a s  s t a r t e d  t o  about 57%. 
of t he  run t o  49%. 
methane flow w a s  shut  o f f .  An ove ra l l  conversion of methane t o  carbon monoxide 

of 54% w a s  obtained. 

Then it slowly decl ined throughout t h e  res t  

Some cakbon monoxide continued t o  be given o f f  a f te r  t h e  

1 Methane i n  t h e  Product Stream - 
A small amount of methane w a s  present  

i n  the  product gas stream (see Figure 1.5). This w a s  due, a t  f i rs t ,  t o  t h e  back 

flow of methane out  of t h e  b e l l s  a f t e r  each cycle change. The r e s i d u a l  methane 

i n  t h e  b e l l s  was displaced i n t o  t h e  product gas  stream by t h e  carbon monoxide 

which w a s  generated by t h e  rock r eac t ing  with t h e  carbon i n  t h e  b e l l s .  

as t h e  run progressed, t h e  r e f r a c t o r y  cement seal  between the  i n l e t  tube and i n l e t  

b e l l s  gradually opened and allowed increas ing  amounts of methane t o  bypass t h e  

b e l l s .  Pa r t  of  t h i s  methane w a s  cracked and l o s t  as carbon deposi ted i n  t h e  

furnace; t h e  remainder appeared i n  the  product gas stzeam. 

However, 

- 2 Carbon Balance 

Table 12 presents  t h e  carbon balance 

obtained from Run 3 
it w a s  recovered as carbon monoxide and 0.6% as carbon dioxide; 7.2% w a s  re-, 

covered as methane i n  t he  product gas. 

accounted f o r  20.4% of the  methane charged, and carbon f i l t e r e d  from t h e  Outlet  

gas f o r  3.0%. 

it w a s  deposited as carbon on t h e  i n s u l a t i o n  i n  t h e  furnace.  
t he  Fi.berfrax insu la t ion  i n  t h e  furnace were q u i t e  black.  

O f  t h e  36.2 g of carbon charged as methane, only 53.6% of 

Carbon deposi ted i n  t h e  i n l e t  b e l l s  

The remainder, 5.5 g (15.2%), w a s  not  accounted f o r  quan t i t a t ive ly ;  

The alumina and 

24 
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2 Metal and Slag Recovered 

The s l a g  recovered from the  run was 

a l i g h t  greenish-gray glass .  Microscoplc examination of t he  s l a g  showed t h a t  

it contained many very small ( l e s s  than O.OOl-in.-dia) nodules of metal. 

addi t ion  t o  these nodules, there  were a few l a rge r  nodules of metal (up t o  

about 1/8-in. d i a ) .  

The ana lys i s  of t h i s  metal i s  given i n  Table 13. The average of two spectro- 

graphic analyses showed t h a t  t he  metal w a s  58.3% Fe and 38.4% Si ,  t he  balance 

being N i ,  Cu,  and Ag. 

I n  - 

The l a rge r  ones were col lected and found t o  weigh 0.34 g. 

S i l i c a  Reduction 4 - 
The above r e s u l t s  prove t h a t  some 

s i l i c a  was reduced t o  s i l i con .  However, t he  amount t h a t  w a s  completely reduced 

w a s  much smaller than expected. The amount o f  i r o n  metal found w a s  a l s o  small 

(3% of the  t o t a l  expected). About 1.6 g mole of  carbon monoxide was recovered 

from t h e  run. The potassium and sodium oxides i n  the  g ran i t e  required only 0.46 

mole of carbon for reduction; t he  i r o n  ac tua l ly  reduced required only 0.01 mole; 

t h i s  l e f t  1.13 moles of carbon t o  reduce s i l i c a .  The r e s u l t s  ind ica te  t h a t  sub- 

oxides of i ron  and s i l i c a  were formed and remained i n  solut ion.  Apparently, 

g ran i t e  i s  much more d i f f i c u l t  t o  reduce t o  the  f r e e  metals than i s  b a s a l t .  

(b )  Run 4 

Run 4 w a s  made with 1 l b  of gran i te  i n  a 

2.5-in. -OD by 8-in.-deep zirconia  crucible.  

OD by 12-in.  long, were used. 

1/8-in.-OD alumina i n l e t  tubes.  

s i z e ) .  

i n t o  t h e  b e l l s  f o r  approximately 2 min out of every 10 min of operation. 

w a s  done i n  an e f f o r t  t o  get b e t t e r  removal of  t he  carbon deposited i n  the  b e l l s .  

Three z i rconia  i n l e t  b e l l s ,  3/4-ln. 

The upper ends of t he  b e l l s  were joined t o  

The j o i n t  w a s  made with Zircoa Cast (-100 mesh 

The cams on t h e  t i m e r  were a l so  changed so t h a t  t he  melt would be forced 

This 

The crucible  w a s  heated t o  1580 '~  with an 

argon purge. The methane (95.0% CH4, 4.5% H2, 0.5% N2) was then turned on a t  a 

r a t e  of 0.2 g mole/hour. 

The carbon monoxide content of the product gas rose slowly t o  a maximum of 5.2% 

0 The crucible temperature w a s  maintained a t  about 1600 C .  
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af ter  4.5 hours of methane addi t ion.  

recovery. Thereafter,  t h e  carbon monoxide content of t h e  product gas f e l l  

slowly; a f t e r  11 add i t iona l  hours, t he  carbon recovery w a s  only 21$* 

quan t i t i e s  of methane were present  i n  t h e  product gas; t h e  amount gradual ly  

increased as the  run progressed. 

This value corresponds t o  a 41% carbon 

Appreciable 

Examination of t h e  furnace and i n l e t  b e l l s  

a f t e r  the  run showed that t h e  seals between the  b e l l s  and 1/8-in. i n l e t  tubes 

were leaking. Apparently, a l a rge  p a r t  of t h e  methane by-passed t h e  c ruc ib le  

during the  run and cracked in s ide  t h e  furnace or escaped unreacted wi th  t h e  

product gases 

Run 5 w a s  made with 1 l b  of .-6 t o  +28 mesh 

b a s a l t  i n  a 2.5-in.-OD by 8-in.-deep z i rconia  c ruc ib le .  

12-ine- long zirconia  i n l e t  b e l l s  were used. 

t h e  1/8-in. i n l e t  tubes were modified t o  give a t h i c k e r  seal of Zircoa Cast 

than t h a t  previously used. 

with several  coats  of Sauereisen Binder No. 32 (a  high-temperature ceramic sea l ing  

compound). 

add i t iona l  valve and timer were added t o  surge t h e  m e l t  up and down i n  t h e  b e l l s  

once a minute f o r  2 min out of every 10 min of operat ion.  

Three 3/b-ino-CD by 

The j o i n t s  between t h e  b e l l s  and 

I n  addi t ion ,  t h e  e x t e r i o r  of t h e  j o i n t  w a s  covered 

The same cams on t h e  t i m e r  were used as for Run 4, except t h a t  an 

0 
The c ruc ib l e  w a s  heated t o  about 1570 C 

while t h e  system w a s  purged with argon. 

warmup period from t h e  carbon deposited i n  t h e  furnace insulatPon during the  

previous run. 

e l iminate  the carbon monoxide from the  product gas. 

cycle timers were operated with a low argon flow t o  t e s t  t h e  system and t h e  

seals i n  the  i n l e t  tubes and b e l l s .  Two of t h e  t h r e e  b e l l  seals held up per -  

f e c t l y  a l l  during t h i s  t i m e ;  t h e  t h i r d  b e l l  seal opened up almost complete ( t h i s  

w a s  indicated by a l a rge  flow i n  t h e  off-gas rotameter) .  

turned on using t h e  remaining two b e l l s .  

One Of t he  bell seals s t a r t e d  leaking and t h e  o the r  b e l l  started t.0 clog; t h e  

run w a s  then terminated. 

Carbon monoxide w a s  formed during t h i s  

0 Approximately 1 2  hours of hea t ing  a t  1570 C w a s  required t o  

During t h i s  t i m e ,  t h e  

The methane feed w a s  

However, i n  a shor t  t i m e  (1 t o  2 hour s ) ,  
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Inspection of t h e  b e l l s  a f t e r  t he  run 

showed that surging of t he  melted basal t  up and down f o r  6 hours a t  about 

1 5 7 O o C  had eroded or dissolved more than one-half of t he  zi rconia  wal l  (approxi- 

mately 0.020 in .  penetrat ion) .  

(No. 1027) appeared t o  hold up no be t t e r  than the  standard impervious zirconia .  

Figure 16 i s  a top view of t he  crucible f rom Run 5.  
be seen embedded i n  the  top  of t he  so l id i f i ed  melt. 

One b e l l  made of a spec ia l  Zircoa mixture 

Small beads of metal can 

(a) Run 8 

Run 8 w a s  made with 1.0 l b  of basalt i n  

a 2-in.-ID, 8-in.-high zirconia  crucible.  I n  t h i s  run, one-piece i n l e t  tubes 

made from impervious zirconia  were used f o r  t he  methane i n l e t s .  

approximately O.52-in. OD, 0.35-in. I D ,  and 18-in.  long. 

( t h ree  0.050 i n .  wires)  were i n s t a l l e d  i n  t w o  of t he  three  tubes.  The t h i r d  

tube, used a s  a blank, w a s  open i n  the usual  manner. The w i r e  i n  one of  t he  

tubes w a s  ro t a t ed  a t  about 60 rpm during t h e  run, while t h e  other  w i r e  w a s  

r a i sed  and lowered a dis tance o f  2 i n .  about 30 times per minute during the  

run. 

The tubes were 

Twisted tungsten wires 

The moving wires were used i n  an attempt t o  prevent carbon from clogging 
h 

t he  gas i n l e t  tubes.  

low argon purge before t h e  wire s t i r r e r s  were turnea on. I L K  r ~ L a i , i ~ ~ ~  w . L ~  

became tangled soon a f t e r  i t s  ro ta t ion  began; it was then stopped. The recipro-  

ca t ing  wire became stuck and inoperable a f t e r  2.5 hours. The open tube operated 

f o r  10 hours with methane f l o w  before it became clogged with hard carbon. 

The crucible  was heated t o  approximately 1590°C with a 
-_ 

A 3/8-in.-ID alumina tube was used as the  

gas o u t l e t  from the  c ruc ib le .  

of t h e  gas o u t l e t  tube t o  keep it free of sublimate and dust.  Raising and 

lowering t h e  1/8-in.  rod  severa l  inches a t  15- t o  30-min i n t e r v a l s  prevented 

t h e  o u t l e t  l i n e  from clogging. 

A 1/8-in.-OD alumina rod w a s  i n s t a l l e d  ins ide  

Complete data  f o r  Run 8 a r e  not reported 

because of t h e  run's b r i e f  durat ion and low carbon monoxide recoveries .  The 

carbon monoxide recovery r a t e  was 41.6% shor t ly  a f t e r  t he  methane w a s  turned on 

a t  1580 C; the  r a t e  of carbon monoxide recovery increased t o  a minimum of 66% 0 
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approximately 3 hours after the  methane was turned on. 

recovery the rea f t e r  f e l l  t o  36% (13 hours),  and then t o  27% when t h e  run w a s  

terminated. 

The carbon monoxide 

Run 9 w a s  made with 1.0 l b  of b a s a l t  i n  a 

2-in.  - ID,  8-in. -high z i rconia  c ruc ib le .  

18-in.-long z i rconia  i n l e t  tube w a s  used. 

w a s  l i n e d  with a piece of molybdenum sheet  0.003-in. t h i c k  by 2.5-in. wide. 

sheet ,  formed i n t o  a s p i r a l  shape, w a s  i n se r t ed  i n t o  t h e  tube and expanded 

t o  make a reasonably t i g h t  inner  l i n ing .  

together  were i n s e r t e d  i n t o  t h e  i n l e t  tube extending t o  wi th in  6.5 i n .  of t h e  

bottom of the c ruc ib le .  After t h e  methane feed w a s  turned on, t h e  tungsten wires  

were ro t a t ed  a t  about 60 rpm f o r  8 see out of each minute. 

pressure surging mechanism w a s  not used during t h i s  run. 

I n  t h i s  run, only one 1/2-in. -OD, 

The t o p  15 i n .  of t he  z i rconia  tube 

The 

Three 0.050-in. tungsten wires t w i s t e d  

The d i f f e r e n t i a l  

The c ruc ib le  w a s  heated a t  a r a t e  of 8OO0C/ 
0 hour with an argon purge up t o  1550 C, and then t h e  methane feed w a s  turned on 

a t  a ra te  of 0.20 mole/hour. The wire r o t a t i n g  t i m e r  w a s  a l s o  turned on a t  

this t i m e .  

methane w a s  turned on, and then slowly f e l l  o f f .  

t h e  product gas. A f t e r  only 2.25 hours, t h e  i n l e t  tube clogged o f f  with carbon 

stopping t h e  methane flow. 

The conversion of methane t o  CO rose t o  about 36% s h o r t l y  a f te r  t h e  

No methane w a s  de tec ted  i n  

Inspect ion of t h e  i n l e t  tube (see Figure 17) 
a f t e r  t h e  r u n  showed t h a t  t h e  tube w a s  t o t a l l y  clogged with carbon about 6.5 
t o  8.5 i n .  above t h e  c ruc ib le  bottom. 

off a t  a l eve l  of about 8 i n .  above t h e  c ruc ib l e  bottom. The molybdenum l i n e r  

w a s  e f f ec t ive  i n  preventing t h e  carbon from a t t ack ing  t h e  z i rconia  tube.  How- 

ever,  t h e  lower 0.5 in .  of t h e  molybdenum l i n e r  had been corroded away by t h e  

m e l t  ( t o  a l eve l  o f  4.5 i n .  above t h e  c ruc ib l e  bottom). 

i n .  alumina rod i n  t h e  product gas o u t l e t  tube aga in  prevented t h i s  l i n e  from 

clogging with sublimate. These r e s u l t s  show t h a t  reaming, o r  some o ther  method 

of removal, w i l l  be required t o  dislodge t h e  carbon from t h e  i n l e t  tube.  

The tungsten wires  had caught and twis ted  

The movement of a 1/8 
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Run 11 w a s  made with 1 l b  of a c i d i c  b a s a l t  

(-6 t o  +28 mesh) i n  a spec ia l  (No.  lor() zirconia  c ruc ib le  (2.62-in. OD, 2.29- 

i n .  I D ,  8.03-in. long).  An impervious zirconia  i n l e t  tube (0.53-in. OD, 0.41- 
i n .  I D ,  18-in. long) w a s  l ined  with two layers  of 0.003 i n .  molybdenum sheet .  

The c ruc ib le  and rock were heated t o  1500°C a t  t h e  rate of about 100°C/hour 

with an argon purge; then t h e  methane feed w a s  turned on a t  the  r a t e  of about 

0 .2  mole/hour. The i n l e t  tube w a s  reamed every 10 min with a tungsten carbide 

reamer during the  run. 

(ove ra l l  length,  6 i n . ) ;  it had s i x  f l u t e s  measuring 5/16-in. d i a  by 1-1/2-in. 

long. A s t a i n l e s s - s t e e l  extension shank was at tached t o  the  reamer t o  give an 

ove ra l l  shaft length of 18-1/2 in .  A packing gland w a s  a t tached t o  t h e  top  of 

t h e  i n l e t  tube s o  that the  reamer could be used while t h e  methane w a s  flowing. 

The reamer was at tached t o  a 3/8-in. (700 rpm) portable  e l e c t r i c  d r i l l  which 

w a s  mounted on a Black & Decker d r i l l  stand. 

i n .  v e r t i c a l  movement f o r  t he  reamer. 

The reamer was fabr ica ted  from s o l i d  tungsten carbide 

The d r i l l  stand provided a 4-7/8 

The run l a s t e d  f o r  a t o t a l  of 4 hours, 

during which time t h e  conversion of methane t o  carbon monoxide dropped from 

64 t o  27%. Inspection of t he  equipment a f t e r  t he  run showed t h a t  t h e  i n l e t  

tube had broken a t  t h e  top  of t he  crucible cover - probably because of mechanical 

stress. However, t h e  reaming operation appeared t o  be successful  and the  reamer 

was not dulled,  clogged with carbon, or damaged i n  any way. 

Fb-ln 12 was made i n  t h e  same manner as Run 

11 except t h a t  t he  1/2-in.-OD zirconia i n l e t  tube w a s  l i ned  with two layers  of  

platinum f o i l  0.001-in. th ick .  This run w a s  terminated 10 min a f t e r  t he  methane 

feed w a s  turned on because t h e  platinum f o i l  caught on t h e  reamer and broke t h e  

i n l e t  tube.  

below i t s  melting po in t )  t o  provide the required mechanical proper t ies  Unfortu- 

nately,  t h i s  i n l e t  tube had a s l i g h t l y  smaller I D  than t h e  one f o r  Run 11; the re  

w a s  very l i t t l e  clearance between the platinum f o i l  and the  tungsten carbide 

reamer. 

0 0 
Apparently, t h e  platinum f o i l  was too  s o f t  a t  1525 C (only 250 C 
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Run 13 w a s  made with 1 l b  of a c i d i c  basalt 

obtained f rom the  Columbia River Basin (-6 t o  +28 mesh). 

an impervious z i rconia  c ruc ib le  (2.40-in. OD, 2.00-in. I D ,  8.0-in. long).  

i n l e t  tube was a s p e c i a l l y  constructed impervious z i rconia  tube. This tube w a s  

on hand f o r  use i n  t h e  pressure-surging technique u t i l i z e d  t o  remove t h e  carbon 

which deposits on the  i n s i d e  of the i n l e t  tube.  

f o r  t h e  reaming technique now being used ( the  reamer had t o  be modified t o  f i t  

i t ) .  The inleB tube w a s  0.75-in. OD by 0.59-in. I D  f o r  12 i n . ,  

tapered down t o  0.39-in. OD by 0.20-in. I D  f o r  6.4 i n .  The 0.59-in. I D  s ec t ion  

w a s  l i ned  w i t h  two layers of 0.003 i n .  moljrbdenum f o i l .  

carbide reamer, 1.0-in. long with an 0.187-in. OD sha f t ,  w a s  used. The d r i l l  

s tand w a s  modified t o  give a 6.5-in.  movement of t h e  reamer and was se t  s o  

that t h e  lower end of t h e  reamer came t o  wi th in  4.75 i n .  of t h e  c ruc ib le  bottom. 

The reamer was operated once every 5 min a f t e r  the nethane feed w a s  turned on. 

E x h  reaming operat ing took about 8 t o  10 sec.  

It w a s  contained i n  

"he 

It w a s  not  the  optimum shape 

A Oe3!l2-in.-0D tungsten 

The data f o r  Run 13 are presented i n  Table 
1 4  and Figure 18. 
the run. 

during t h e  run. The conversion ra te  of methane t o  carbon monoxide ( taken each 

half  hour) varied from a low of 21% t o  a high of 78%; the  t r end  w a s  from about 

40% a t  the  s t a r t  t o  about 65% a t  t h e  end of t he  l3.75-hour run. The cumulative 

conversion of methane t o  carbon monoxide gradual ly  increased throughout t h e  run 

from about, 52% a t  t h e  t i m e  t h e  methane w a s  turned o f f ,  t o  a maximum of 55.6% 
some 7 hours la ter .  

A methane flow of about 0.20-g mole/hour w a s  used throughout 
0 The cruc ib le  temperature was slowly increased  from 1500 t o  1650 C 

The reamer w a s  e f f ec t ive  i n  maintaining t h e  

i n k t  tube open u n t i l  a f e w  minutes before  t h e  methane feed w a s  turned o f f .  

w a s  evident  from a constant  0 on t h e  i n l e t  tube (0.60 t o  0.65 i n .  of Hg) i n t o  

the  c ruc ib le  of  molten rock. 

t h a t  the  i n l e t  tube was not  broken and t h a t  gas w a s  bubbling through the  molten 

rock. 

started t o  increase ( t o  l .7 - in .  Hg). 

This 

A surging i n  t h e  i n l e t  gas rotameter  i nd ica t ed  

Fif teen minutes before t h e  run w a s  terminated,  t h e  nP on the  in l e t ,  l i n e  

This i nd ica t ed  that. carbon w a s  bu i ld ing  up 
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i n  t h e  i n l e t  tube below t h e  maximum t r a v e l  po in t  of t h e  reamer. 

t o  lower t h e  reamer an add i t iona l  1.0 in .  caused t h e  t o p  of t he  reamer t o  break 

off and a l s o  t h e  i n l e t  tube t o  break. 

An attempt 

A t o t a l  of 5 .0  g of carbon w a s  co l lec ted  i n  

This corresponds t o  16.7% of carbon i n  the  o u t l e t  f i l t e r  throughout t h e  run. 

t h e  methane feed. 

monoxide. 

carbon, w a s  apparent ly  deposited a s  carbon i n  t h e  i n l e t  tube.  A t o t a l  of 13.5 
g of material w a s  found i n  t h e  i n l e t  tube. The prec ise  composition of t h i s  

ma te r i a l  was not determined because of t h e  presence of molybdenum carbide.  

I n  addi t ion,  55.6% of t h e  methane w a s  converted t o  carbon 

The remaining 27.7% of t h e  methane, corresponding t o  8.3 g of 

Inspection of t he  c ruc ib le  a f t e r  the  run 

showed t h a t  (1) t he  c ruc ib le  w a s  i n  excel lent  condition, ( 2 )  t h e  i n l e t  tube 

w a s  not  severe ly  corroded, and ( 3 )  the m e l t  depth was only about 2.5 i n .  The 

r e s u l t s  of t he  run are very encouraging i n  t h a t  t h e  reaming technique was found 

t o  be e f f e c t i v e  i n  maintaining an open i n l e t  tube.  Modification of t h e  i n l e t  

tube and reamer should permit runs of almost any des i red  durat ion t o  be made. 

(i) Run 14 

n--- 11, ---- --;la r T i + h  +he q+.z,n,-jard sj ze 
L l U l l  17 .,UI ..--- _ . ~  

impervious z i rconia  c ruc ib le  (2.4-in. OD, 2.0-in. I D ,  8- in .  long) .  This 

c ruc ib l e  w a s  charged with 1 l b  of acidic b a s a l t  from t h e  Columbia River Basin. 

The i n l e t  tube w a s  t h e  same s i z e  as the one used i n  Run 1-3 except t h a t  it was 

l i n e d  with th ree  l aye r s  of 0.003 i n .  molybdenum sheet  i n s t ead  of two l aye r s .  

I n  an  at tempt  t o  e l iminate  the  long t i m e  period i n  which a s o l i d  l a y e r  of carbon 

i s  b u i l t  up i n  t h e  i n l e t  tube surrounding t h e  reamer, a graphi te  tube w a s  in-, 

s t a l l e d  i n  t h e  i n l e t  tube on t h e  ins ide  of t he  molybdenum l i n e r .  This graphi te  

tube w a s  0.531-in. OD by 0.344-in. I D  by 8.5-in. long, and weighed 28.5 g. It 

w a s  cemented i n t o  t h e  i n l e t  tube using 100 mesh Zircoa Cast. A tungsten carbide 

reamer, s imi l a r  t o  t h e  one used i n  Run 13, w a s  used but  with t h e  following 

modif icat ions:  (1) t he  end of t he  shank w a s  gradual ly  tapered up t o  t h e  diame- 

t e r  of t h e  reamer; ( 2 )  t he  length of t h e  s t roke  was increased from 6.5 t o  7.0 
i n . ;  (3) t h e  bottom of the  s t roke was lowered from 4.75 t o  3.5 i n .  above the  

bottom of t h e  c ruc ib le ;  ( 4 )  t h e  reamer w a s  operated once every 3 min in s t ead  of 

once every 5 min; and (5 )  t h e  reamer operat ion w a s  changed from manual t o  auto- 

matic.  
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The reamer's operat ion w a s  cont ro l led  by a 

cycle t i m e r  which opened and closed two 3-way solenoid valves.  These valves 

furnished air  t o  an  a i r  cyl inder  which r a i sed  and lowered t h e  reamer. 

cycle  t i m e r  a l s o  turned the  d r i l l  motor on and of f .  

The 

The cruc ib le  f i l l e d  with basalt w a s  placed 
0 i n  t h e  furnace and heated t o  approximately 1500°C a t  t h e  r a t e  of about 90 C /  

hour. 

t o  increase  the  depth of molten rock through which the  methane feed would bubble. 

The gas ou t l e t  tube (0.5 i n .  I D )  through which the  rock w a s  being added clogged 

a f t e r  0.16 lb of b a s a l t  w a s  added. 

was heated t o  about 1600 C and the  methane feed gas w a s  turned on. 

1.5 hour, a pa r t  of t he  carbon l i n e r  i n  t h e  i n l e t  tube f e l l  i n t o  t h e  m e l t ,  and 

t h e  carbon monoxide produced fa r  exceeded t h e  methane input .  Eleven hours 

a f te r  t h e  methane was turned on, t he  reamer became stuck and t h e  i n l e t  tube w a s  

broken, allowing t h e  remainder of t h e  carbon l i n e r  and the  t i p  of t h e  reamer 

t o  fall i n t o  t h e  m e l t .  The run was continued f o r  46 hours without t h e  i n l e t  

tube clogging. 

t h e  end of the reamer s h a f t  apparent ly  prevented t h e  i n l e t  l i n e  from clogging 

with carbon. 

of t h e  l a rge  quan t i t i e s  of carbon which had f a l l e n  i n t o  t h e  m e l t  from t h e  i n l e t  

tube l i n e r ,  and because l a rge  quan t i t i e s  of carbon were deposited i n  t h e  furnace 

in su la t ion  

An attempt w a s  then made t o  add more b a s a l t  t o  t he  c ruc ib le  i n  order  

A f t e r  c l ea r ing  the  o u t l e t  l i n e ,  t h e  c ruc ib l e  
0 

A f t e r  about 

The i n l e t  tube had broken o f f  near t h e  t o p  of t h e  c ruc ib le ,  and 

No meaningful carbon recovery da ta  could be ca lcu la ted  because 

Run 15 w a s  made with t h e  maximum amount 

(1.31 l b )  of ac id i c  b a s a l t  t h a t  could be charged i n t o  t h e  standard 2.0-1n.-ID 

by 8-in.  -long crucible .  

tube 3/8-in. ID by 5/8-in. OD by 18-in.  long l i n e d  with t h r e e  l aye r s  of 0.003-in. 

t h i c k  molybdenum sheet .  

The reamer was 5/16-in. OD by 18 i n .  o v e r a l l  length.  

s t roke  s t a r t i n g  4 i n .  above t h e  bottom of t h e  i n l e t  tube.  

reaming operation var ied  from 7 t o  9 see each cycle.  

The i n l e t  w a s  an impervious z i rconia  ( l i m e  s t a b i l i z e d )  

The i n l e t  tube w a s  reamed automat ica l ly  every 2.4 min. 

The reamer had a 7 i n .  

The durat ion O f  tjhe 
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The da ta  f o r  Run 1-5 a r e  given i n  Table 15 
and Figure 19. 
hour with an argon purge. 

The i n t e r v a l  carbon monoxide recovery quickly increased t o  about 55% and then 

slowly dropped t o  32%. 

not increase the carbon monoxide recovery. The methane feed was turned o f f  

a f t e r  25-1/3 hours when appreciable amounts of methane appeared i n  t h e  product 

gas. The argon purge w a s  continued and t h e  c ruc ib le  temperature was slowly 

increased t o  1740°C. 

carbon monoxide, but t h e  crucible  and heater  were very badly damaged. 

The crucible  w a s  heated t o  1 5 3 5 O C  a t  t h e  r a t e  of about 8OoC/  

Then the  methane feed and the  reamer were turned on. 

Increasing the crucible  w a l l  temperature t o  163OOC d id  

The increase i n  temperature produced some addi t iona l  

Inspection of t h e  furnace and cruc ib le  

showed t h e  following developments: 

- 1 The reamer had functioned pe r fec t ly  

and w a s  not damaged, even though it had contacted molten rock f o r  a shor t  time. 

During t h e  warmup period, some molten rock w a s  forced up i n t o  t h e  gas i n l e t  

tube, shut t ing  of f  t h e  argon purge for a few minutes. This rock did not 

completely dra in  out of t he  i n l e t  tube and w a s  p a r t i a l l y  caught on the  reamer 

f l u t e s  when it was turned on. 

- 2 The i n l e t  tube was found t o  be 

carbonized and cracked an inch or two above the  c ruc ib le  cover and j u s t  below 

t h e  c ruc ib le  cover. 

2. The crucible  w a s  badly damaged and 

t h e  lower  3 in .  of t he  i n l e t  tube was missing. There was a 1 i n .  by 3 i n .  hole 

i n  t h e  c ruc ib le .  This i s  believed t o  have developed when the  temperature w a s  

r a i s e d  a f t e r  t h e  methane feed was stopped. 

The crack below t h e  crucible  cover i s  believed 

t o  have occurred near t he  beginning of t he  run when the  carbon monoxide ppoduc- 

t i o n  f irst  s t a r t e d  t o  drop. The crack above the  c ruc ib le  cover i s  believed 

t o  have occurred near t he  end of the run when methane s t a r t e d  t o  show up i n  

t h e  product gas. Apparently, i n s t a l l i n g  the  s p i r a l l y  ro l l ed  molybdenum l i n e r  

i n  the  zirconia  i n l e t  tubes slows down but does not s top  carbonization and 

cracking. 
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The temperatures reported a r e  those read 

on an opt ica l  pcrometer without correct ion f o r  emissivi ty .  

t o  be l o w  by 20 t o  4OoC a t  a reading of  1600 t o  1700°C. 

s t a b i l i z e d  zirconia crucibles  and i n l e t  tubes w i l l  not s tand up i n  contact with 

the  s i l i c a t e  s lags  a t  temperatures above 1650 C ( a s  read on the  opt7ical  pyrome- 

t e r ) .  

Tkey a r e  believed 

Apparently, t he  calclum- 

0 

Metal f r o m  the  run was found t o  weight 26.4 

g and w a s  found t o  contain mostly i ron  (96%). 

(IC) Material  Balances 

( a )  Carbon Balances 

Because it i s  imperative t h a t  near ly  100% 

of the carbon charged t o  the  rock reac tor  be recovered, changes i n  mater ia ls  

and techniques were made throughout t he  program i n  order t o  improve the carbon 

recovery. 

reduction uni t .  

monoxide. 

or l e s s .  

gas l i n e s  and f i l t e rs ;  however, t he  carbon i n  t h e  o u t l e t  l i n e s  and f i l t e r s  w a s  

almost negl igible  i n  most cases.  I n  most runs the re  w a s  an appreciable amount 

Of carbon deposited i n  the  i n l e t  tube, but t h i s  w a s  d i f f i c u l t  t o  separate  and 

weigh accurately.  I n  a l l  t he  runs i n  which methane w a s  charged, a grea t  dea l  

Of the  carbon w a s  deposited (due t o  leaky i n l e t  tubes)  on the  furnace insu la t ion  

and could not be recovered. 

Table 16 gives the  carbon recoveries  achieved i n  the  l a r g e r  rock 

I n  each run the  major pa r t  of the  carbon recovery was carbon 

I n  a l l  runs the  amount of carbon recovered a s  CO was very l o w  - 2% 2 
I n  one run, 18.7% of the  carbon charged was recovered i n  t h e  o u t l e t  

C f  t he  th ree  runs with mixtures of graphi te  

Ir, and rock (Runs 6, 7 ,  and 101, Run 6 w a s  t h e  most successfu l  (86% recovery) 

a l l  th ree  of these runs, most of the  unaccountable carbon i s  believed t o  have 

been deposited i n  the  furnace in su la t ion  when t h e  o u t l e t  l i n e s  became clogged. 

This forced the o u t l e t  gases out i n t o  the  in su la t ion  where cracking or reduction 

occurred. 

Run 18 gave t h e  b e s t  carbon recovery (96% 
a s  CO) .  In t h i s  run, extremely ac t ive  carbon (carbon black)  was dropped d i r e c t l y  
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I 

i n t o  t h e  c ruc ib le  of molten rock a t  such a r a t e  t h a t  it w a s  consumed nearly a s  

f a s t  a s  it was fed.  

l a rge  quan t i t i e s  of  carbides were not formed. The c ruc ib le  cover and o u t l e t  

l i n e  were kept sealed so  t h a t  t he  out le t  gases d id  not leak i n t o  t h e  furnace 

l i n ing .  

This d id  not allow an excess of carbon t o  accumulate, so  

(b )  Water Recovery Data 

Water recovery data  were determined on 

four runs (Runs 2, 3, 6, and 7) i n  which basalt w a s  charged t o  the  furnace. 

Amounts of 0.1 t o  0.9 w t %  water (average wtk, 
covered. 

obtained i n  the  smaller (45 cu em) uni t .  

been a very small leak i n  the  induction c o i l  water hea te r  which leaked i n t o  the  

b e l l  j a r  of t h a t  u n i t .  

0.4) i n  the  basalt were re- 

These values a r e  believed t o  be more accurate than the  one (1.7% av)  

It i s  bel ieved t h a t  t he re  may have 

( c )  Metal Recovery D a t a  

I n  a l l  runs where there  was appreciable 

reduction of t he  rock, a metal phase separated from the  s l ag .  Table 1.7 gives 

an emission spectrographic ana lys i s  of t he  metal obtained. Care w a s  taken so  
L’ - -L  - 7 - -  ---- z - - l - - A - A  < -  +kr. mc,+ol e a m n l a e  Tn asoh  ~ S C P  t .hp m p t . ~ l  W A S  
V l l U ”  LA”  “LUB W U Y  LLLLLL.--.. A*& -^_-  _.̂ _ --- L--- ~ 

l a r g e l y  i r o n  and s i l i con ,  with small amounts of C;, N i ,  A1 and other  elements. 

The s i l i c o n  content of t he  metal w a s  found t o  vary from 15 t o  62 wt%. 

t h i s  would vary both with the  degree o f  completion of t he  reduction and with the  

amount of metal i n  the  o r ig ina l  rock. 

However, 

I n  a l l  runs, some lower bo i l lng  metals or 

elements were found t o  c o l l e c t  i n  the o u t l e t  l i n e s  and f i l t e r s .  

emission spectrograph analyses of several  samples o f  t h i s  mater ia l .  

i n  t he  o u t l e t  l i n e  w a s  found t o  be la rge ly  sodium and potassium (potassium w a s  

not determined i n  these  emission spectrographs), with small amounts of many lower 

bo i l ing  elements. This mater ia l  caught f i r e  and burned upon exposure t o  the  a i r .  

Table 18 gives 

The mater ia l  

The mater ia l  i n  the  o u t l e t  l i n e  from Run 18 
( s t i l l  i n  t h e  hot zone) contained mostly i r o n  and s i l i c o n  and was similar i n  

composition t o  the  c ruc ib le  metal. 
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(d)  Gas Impuri t ies  i n  Froduct Gas 

because t h e  second s t e p  of t h e  Aerojet  Cal-bo,- 

thermal Process uses a n i cke l  c a t a l y s t  which i s  known t o  be poisoned by various 

impur i t ies  (including s u l f u r  and phosphorous) ;y t h e  o u t l e t  gases were ca re fu l ly  

t e s t e d  f o r  the presence of these  impur i t ies .  

Gas samples from Flun 3 were taken a t  var ious 

times throughout t h e  run and were analyzed by mass spectror.etry ( see  '?akle 

11). 

mass spectrometer used f o r  these  analyses could not de t ec t  t r a c e s  (less 

than O.Ol$) o f  these  components. Special  gas scrubbers were se t  up t o  absorb 

t r a c e  amounts of a c i d i c  gas impur i t ies .  The r e s u l t s  of w e t  chemical analyses  

are given i n  Table 19. The o u t l e t  gases were passed through frit',ed g lass  d i sks  

immersed i n  0 .1  N NaOH so lu t ions .  These so lu t ions  were then analyzed by w e t  

methods. The r e s u l t s  were ca lcu la ted  on t h e  b a s i s  of p a r t s  Fer mi l l ion  of rock. 

(The r e s u l t s  would be near ly  equivalent t o  grains/100 scf  of CO,  ? .e. ,  it is 

assumed t h a t  100 l b  rock will y i e l d  14 l b  of (2.0). The r e s u l t s  were found t o  

be somewhat e r r a t i c ,  varying from below t h e  de tec tab le  l i m i t  f o r  s u l f u r  (0.27 

pprn) t o  50 ppm, and from 0 t o  5 ppm f o r  phosphorus. 

method of detect ion w i l l  have t o  be developed. 

No impuri t ies  containing s u l f u r  o r  phosphorus were found. Howeverp t h e  

Apparently a more s e n s i t i v e  

If the  higher values  found f o r  tjhe impur i t ies  

are cor rec t ,  they will have t o  be removed before  t h e  @O can be reduced with 

n icke l  ca t a lys t .  The attempt t o  segregate t h e  impur i t ies  given o f f  during t h e  

melting cycle (below 1500 C )  and t h e  reduct ion cycle (above 150OoC) w a s  incon-  

c lus ive .  

given o f f  below 1500 C; i f  so,  t h e  p u r i f i c a t i o n  s t e p  could be s impl i f i ed  or per-  

haps eliminated. 

0 

15 seems probable t h a t  t he  l a r g e s t  part. of t h e  impurr t ies  would be 
0 

4. Pro ce s s Deve lopment Schemes 

The r e s u l t s  of t he  research  on rock reduct ion,  while demon- 

s t r a t i n g  t h e  feas ib i l i t ty  of the  process, indicated t h e  need f o r  more development 

work. Several a r eas  where add i t iona l  research  i s  needed are descr ibed below. 
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a .  Methane I n l e t  t o  t he  Furnace 

To date it has not been possible  t o  introduce the  

methane below t h e  surface of t h e  molten rock. 

t h i s  may be possible  by use of a liquid-cooled lance s imi la r  t o  an oxygen lance 

used i n  a modern steel  furnace. However, f o r  a lunar  p lan t  t h i s  may cause more 

complications than it solves - frothing, heat regulat ion,  e t c .  

On a l a r g e r  sca le  p i l o t  p lan t  

The l a s t  run (Run 18) ind ica t e s  t h a t  it may not be 

necessary t o  add t h e  methane below the molten rock surface.  

i n l e t  can be developed which discharges methane (or carbon and hydrogen) onto 

the  rock surface.  

be used. 

A much simpler 

Gas-cooled concentric tubes and/or t he  reaming technique can 

A t h i r d  approach may be taken: methane pre-cracking. 

This has the  following advantages: 

temperatures (14OO0C or below); (2)  all or p a r t  of t h e  hydrogen can be separated 

from t h e  carbon ( t h i s  may permit a much higher carbon feed r a t e ) ;  and ( 3 )  
carbon black appears t o  be l e s s  corrosive t o  the  zirconia  crucibles  than 

methane or p a r t l y  cracked methane. 

(1) the  cracki.ng can be done a t  lower 

The resis tance heater  used on t h e  l a r g e r  rock furnace 

(2- in .  I D )  was found t o  be qui te  s a t i s f ac to ry .  

advantage t h a t  a l l  t h e  heat has t o  be t r ans fe r r ed  through the  c ruc ib le  w a l l s .  

This may be a ser ious problem on a plant s ized  un i t .  Several a l t e r n a t i v e  

heat ing methods should be t r i e d  including (1) e l e c t r i c  a rc ,  ( 2 )  microwave 

heating, and (3 )  s o l a r  heating. 

However, it does have the  d i s -  

C.  Product Lines 

The o u t l e t  gas l i n e  design should be invest igated i n  

order  t o  overcome the  tendency t o  clog with foamed, sp la t te red ,  or sublimed 

materials. 

come t h i s  problem. 

Some form of a reamer or moving chain should be developed t o  over- 

A so lu t ion  must be foiind t o  t h e  problem of dumping the  

s l a g  and metal. This could involve e i t h e r  a system o f  f i l t e r i n g  and dumping the  

whole furnace (similar t o  a modern oxygen s t e e l  furnace) or t he  development of a 

valving system. 
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d o  Furnace Construction 

The materials of construct ion of t h e  furnace are very 

c r i t i c a l .  

s u i t a b l e  mater ia ls  and design f o r  t he  furnace ( i . e . ,  c ruc ib le  walls, i n su la t ion ,  

shape, e t c . ) .  

A development program should be undertaken t o  determine t h e  most 

C. TASK 2, CARBON MONOXIDE REDUCTION, ICET-" SL'mmSIS 

1. Research Using Air-Cooled Reactor 

This research  on the  reduction of carbon monoxide with hydro,- 

gen using an air-cooled r eac to r  w a s  c a r r i e d  out during t h e  i n i t i a l  research  

period on Contract NAS 7-225 (Reference 1). 

summarized below 

The r e s u l t s  of t h i s  work are 

a. A small r eac to r  (10 sc fh  of r eac t an t  gas)  f o r  t h e  r e -  

duction of carbon monoxide with hydrogen w a s  designed and fabr ica ted .  

schematic f l o w  diagram of the  apparatus i s  shown i n  Figure 20. Maximum f l e x i -  

b i l i t y  of operation w a s  s t r e s sed  t o  provide t h e  a b i l i t y  LO operate  a t  tempera- 

t u r e s  of 200 t o  900 C 9  a t  pressures  of 1 t o  7 a t m ,  and a t  hydrogen/carbon 

monoxide mole r a t i o s  ranging from 1.1 t o  4:l. 
ca ted  from a Type 316 s t a i n l e s s - s t e e l  f in - tube  i n  order  t o  withstand t h e  high 

temperatures and high heat  f luxes  required.  

equipment were used wherever poss ib le  i n  order  t o  s impl i fy  and speed construc-  

t i o n  

A 

0 

The c a t a l y s t  chamber w a s  f a b r i -  

Standard i n d u s t r i a l  and labora tory  

bo Tests were made which demonstrated t.hat. t h e  equipment 

can be operated successful ly  a t  temperatures ranging from 200 t o  9OO"C, and a t  

pressures  varying from 1.0 t o  7.0 a t m .  The temperatures of t h e  th ree  ca t a lys t  

bed sec t ions  were cont ro l lab le  t o  +2OC - with a d i f f e r e n t i a l  of ~ 2 C 0  C. 

charge Of ca ta lys t  w a s  successfu l ly  reduced and a c t i v a t e d  by flowing hydrogen 

through it at  temperatures up t o  450 C f o r  5 hours. 

demonstrated t h a t  t h e  equipment w a s  capable of y i e ld ing  exce l l en t  data f o r  t h e  

intended research. 

0 Ac i n f t i a l  

0 Three Freliminary runs 

c.  Three d i f f e r e n t  c a t a l y s t s  were evaluated.  'In addi t ion ,  

a series of runs w a s  made t o  deterrmne how varPous impur i t ies  i n  the  reac tan t  

gas a f f e c t  ca ta lys t  a c t i v i t y ,  and t h e  f e a s i b i l i t y  of accomplishing t h e  reduct ion 

w5 t hout a ca ta lys t  
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(1) A s e r i e s  of  26 successful  data-producing runs 

was made with Catalyst  C-0765-1005 (25% N i  on 4- t o  8-mesh s i l i c a  ge l ) .  

mum operating conditions f o r  t h i s  ca ta lys t  were found t o  be a s  follows: 

veloci ty ,  approximately 1000 hr-’; hydrogen/carbon monoxide mole r a t i o ,  4 : 1; 

ca ta lys t  bed pressure,  6 a t m ;  and ca ta lys t  bed temperature, approximately 425 C. 

Under these conditions,  carbon monoxide conversions were grea te r  than 99.8%, 
y ie lds  of water and methane were greater than 99%, and y i e lds  of carbon dioxide 

were l e s s  than 1%. 

i n  e i t h e r  t h e  product water o r  gases. 

was deposited on the  ca t a lys t  a s  carbon. 

Opti- 

space 

0 

No other  hydrocarbons o r  oxygenated compounds were found 

Less than O e 1 %  of the  carbon monoxide 

(2)  A s e r i e s  of  12 data-producing runs was made with 

Catalyst  C-0765-1001 (50% nicke l  on Kieselguhr, 1/8-in. -dia  p e l l e t s )  

ca t a lys t  w a s  g rea t ly  superior  t o  Catalyst C-0765-1005. Nearly complete con- 

versions were obtained under t h e  following conditions:  space ve loc i t i e s  of  

2000 hr-’; hydrogen/carbon monoxide mole r a t i o  of 4: 1; atmospheric pressure;  

and a reac t ion  temperature of only 250 C.  The hydrogen/carbon monoxide mole 
-1 0 r a t i o  could be reduced t o  3 : l  a t  6.1 atm, 1000 hr 

while s t i l l  maintaining near ly  complete conversions (CH4 and H20 y ie lds  of  

997c-l-, CU y i e l d  or l e s s  znan i$)* A I  Ik ~ + - v ~ z E I / : z T ? ~ ~ ~  rnxnviJe  m n l ~  

r a t i o ,  t h e  product gas contained more than 90% methane and less than 0.5% 

carbon dioxide. 

of water AP with 1000 hr-’ space veloci ty  and 6.1 atm). 

not bu i ld  up with time, and no carbon was found deposited on the ca t a lys t .  The 

c a t a l y s t  w a s  s t i l l  ac t ive  when it was removed a f t e r  110 hours o f  operation. A 

deep (38.5 in . )  ca t a lys t  bed w a s  required t o  obtain near ly  complete conversion 

of t he  carbon dioxide (produced i n  the top  of t h e  ca t a lys t  bed) when the  low 

hydrogen/carbon monoxide mole r a t i o  was used. 

This 

0 

space veloci ty ,  and 250 C, 

2 

Pressure drop across the  ca t a lys t  w a s  low ( l e s s  than 1 i n .  

The pressure drop did 

( 3 )  Cataljrst C-0765-1003, which contained about 15% 
n icke l  deposited on kieselguhr (5/32-in0 extruded p e l l e t s ) ,  was found t o  be 

intermediate  i n  a c t i v i t y  between the  f i r s t  t w o  c a t a l y s t s  t e s t ed .  

w a s  not  a c t i v e  a t  250 C, but  w a s  quite a c t i v e  a t  350 C. 

bed temperature t o  4OO0C did not increase the  conversion of carbon dioxide i n t o  

methane and water a t  a hydrogen/carbon monoxide mole r a t i o  of 3 :1. 

The ca t a lys t  
0 0 Increasing the  c a t a l y s t  

39 
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( L )  
(bare  tube)  i n  the  r eac to r .  

space veloci ty  of 550 h r  

r a t i o  of  3.7:1; and temperatures of 500 t o  900°C. 

carbon monoxide conversion w a s  only about 44% a t  70C°C; about 15 t o  25% of the  

conversion was t o  carbon dioxide r a t h e r  than  t o  methane and water. 

A series of four  runs w a s  made d t h o u t  c a t a l y s t  

These runs were made under the  following conditfons : 
-1 ; pressure of 6 .1  a t m ;  hydrogen/carbon monoxide mole 

The da ta  show t h a t  t h e  maximum 

d. Three series of runs (described below) were made with 

the  best. ca ta lys t  (C-0765-1001) i n  which impur i t ies  were purposely added t o  t h e  

r eac t an t  hydrogen gas. 

(1) A run of 22 hours durat ion w a s  made with 59 
gra ins  of sulfur/100 scf (as COS) i n  the  hydrogen stream. Ir, t h i s  t i m e  more 

than 3 g of su l fu r  (equivalent t o  3.9 w t %  of t h e  n i cke l  i n  t h e  c a t a l y s t )  w a s  

charged t o  t h e  reac tor .  Although t h e  top  t h i r d  of t h e  r eac to r  had absorbed 

nea r ly  a l l  of t h e  s u l f u r  and w a s  near ly  deact ivated,  t h e  remaining two-thirds 

of t h e  reactor  continued t o  operate with only a small decrease i n  conversion 

and y i e lds .  

( 2 )  A run of 10 hours dura t ion  wi th  1 vel% nit;rogen 

oxide (NO) i n  t he  hydrogen r eac t an t  gas demonstrated t h a t  t h i s  ni t rogen oxide 

does not damage the  c a t a l y s t .  

25 w t %  t o  N2) ;  t h i s  ammonia would have t o  be removed from t h e  product gases 

and t h e  hydrogen recovered for a lunar  process.  

Y y  However, t h e  oxide i s  reduced (75 w t %  t o  

( 3 )  A run of less than 3 hours duratdon with 0.5 

mol% phosphine ( 5) i n  t h e  hydrogen r eac t an t  gas demonstrated t h a t  phosphorus 

i s  an a c t i v e  ca t a lys t  poison which will have t o  be removed from t h e  reactant,  

gases. 

pressure drop increased g rea t ly  during t h e  s h o r t  run. 

Approximately one-half of t h e  c a t a l y s t  bed w a s  deac t iva ted  and i t s  

Carbon dioxide and w a t e r  i n  t h e  amounts normally present 

i n  the  ca t a lys t  bed were not  found t o  be harmful. 

(0.5% N2) present i n  t h e  carbon monoxide r e a c t a n t  gas d i d  not  harm the  c a t a l y s t .  

A low ccmcentration of ni t rogen 

2. Research Using an Automat3 c Water-cooled Reactor 

This s ec t ion  contains  a r e p o r t  of t h e  research  performed 09 

t h e  carbon monoxide reduct ion s t e p  during t h e  t M r d  research  per iod of Contract. 

NAS 7-225. 
40 
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a. Design and Construction 

The carbon monoxide reduction reac tor  was modified t o  

operate automatically f o r  long-term ca ta lys t  l i f e  s tud ie s  of 60- t o  90-day 

duration. 

temperature cont ro l  and a grea te r  f l e x i b i l i t y  i n  the  choice of operating condi- 

t i ons  than the  one developed during the first program period. 

below, provisions were made t o  measure temperatures a t  any c a t a l y s t  bed l eve l .  

Multiple en t ry  f o r  reac tan t  gas was another notable modification which pro- 

vided a more uniform bed temperature throughout the reac t ion  zone. 

changes r e su l t ed  i n  extended ca t a lys t  l i f e  and permitted the  use of higher 

space ve loc i t i e s .  

The revised un i t  was much simpler t o  operate and provided c loser  

As described 

These 

Figure 21 i s  a f l o w  diagram of t he  automatic carbon 

monoxide/hydrogen reduction un i t .  

on the  o r i f i c e  meters by standard gas-cylinder pressure-reducing regula tors .  

Line f i l t e r s  were provided t o  remove d i r t  f rom the  gases.  All l i n e s  and 

f i t t i n g s  were of s t a i n l e s s  s t e e l  t o  prevent corrosion and contamination. 

Solenoid valves w e r e  i n s t a l l e d  i n  both feed l i n e s  t o  automatically shut down 

+.he i in i t ,  i n  case of  high ca t a lys t  bed temperature, l o w  gas pressure ( l i n e  

break),  or f a i l u r e  of e l e c t r i c a l  power or water. 

cont ro l led  by ca l ibra ted  flow-recording cont ro l le rs .  

A constant pressure (200 ps ig)  w a s  provided 

Gas rat,es were measured and 

Uniform and controlled ca t a lys t  bed temperatures were 

provided by a water jacke t  (2-in. I D )  around the  ca t a lys t  bed. 

r eac t ion  between the  gases enter ing the bottom of the  reac tor  generated steam 

bubbles i n  t h e  water which rose t o  maintain a uniform jacket  temperature. 

j acke t  temperature was very closely control led by means of a pressure cont ro l le r  

which maintained a constant temperature i n  the  jacket  by regula t ing  the  flow o f  

water i n  t h e  cooling c o i l .  

The exothermic 

The 

Heat f o r  ca ta lys t  regeneration, s t a r tup ,  and/or i so -  

thermal operation was provided by t w o  3/16-in. OD heater  tubes (not shown) 

extending up throughout t he  length of t h e  water jacke t .  The carbon monoxide 

or mixed carbon monoxide/hydrogen stream w a s  d i s t r ibu ted  as desired a t  the  0, 

3, 6, 9 ,  and 12.'5-ine l e v e l  ( f rom the bottom of  the  ca t a lys t  bed) by means of 
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rotameters and needle valves.  

c o i l  of 0.25-in. s t a i n l e s s - s t e e l  tubing immersed i n  cooling w a t e r .  Safety 

pressure release w a s  provided by a re l ie f  valve on t h e  water jacke t  and by a 

mercury release bubbler on t h e  low-pressure product gas l i n e .  

The o u t l e t  gases were cooled and condensed i n  a 

The product water w a s  separated f r o m t h e  gas i n  a 250-ml 

s t a i n l e s s - s t e e l  sample container .  The level  i n  t h e  water separa tor  w a s  main- 

t a ined  constant by a solenoid valve (not  shown) which w a s  ac tua ted  by a r e l a y  

connected t o  a mercury contact i n  a manometer. 

bed could be cont ro l led  accura te ly  a t  1 t o  10 atmospheres by means of a pressure 

con t ro l l e r  and motor valve i n s t a l l e d  i n  t h e  product gas l i n e .  

from t h e  12.5-, 19-, 25.5-, 32-, and 39-in. c a t a l y s t  bed l e v e l s  w a s  analyzed 

by an on-stream gas chromatograph, an Orsat apparatus,  or a mass spec t rone ter .  

A manometer (50 in .  of mercury) w a s  used t o  measure t h e  pressure drop across  

the  c a t a l y s t  bed. The product gas flow rates were measured by a wet-test 

meter. 

The pressure i n  t h e  ca t a lys t  

The product, gas 

Figure 22 i s  a photograph of  t h e  c a t a l y s t  tube before 

assembly. The u n i t  i s  f ab r i ca t ed  from a 5/8-ine-OD s t a i n l e s s - s t e e l  tube with 

1.25-ino-3D s t a i n l e s s - s t e e l  f i n s .  The i n l e t  tubes,  sample l i n e s ,  d ra in  l i n e ,  

vent l i n e ,  jacket  thermocouple tube,  cool ing c o i l ,  and lower and upper f langes 

are welded t b  t h e  c a t a l y s t  tube.  

Figure 23 i s  a photograph of t h e  c a t a l y s t  tube with t h e  

water jacke t  i n s t a l l e d .  The connections are shown, as are t h e  2-in.  s t a i n l e s s -  

s t e e l  pipe water jacke t ,  t h e  3/16-in0 OD hea te r  tubes,  and t h e  AN f i t t i n g s  on 

t h e  ends o f  the  c a t a l y s t  tube.  

Figure 24 i s  a photograph of t h e  completed carbon mon- 

oxide/hydrogen reduct ion u n i t .  

flow cont ro l le rs ,  t h e  mult ipoint  temperature recorder ,  Variacs f o r  jacket. and 

l i n e  hea ter  control,  and pressure gages. 

l aye r  Of insu la t ion)  and the  in su la t ed  condensel- and water separa tor  are a l s o  

v i s i b l e .  The muffle-type furnace w a s  i n s t a l l e d  f o r  hydrogen reduct ion of t h e  

Catalyst.; t h i s  furnace w a s  removed during carbon monoxrde reduct ion runs.  

On the  panel  board can be seen t h e  pressure and 

The r e a c t o r  (complete with a 3-in.  
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Figure 25 i s  a photograph of t h e  back s ide  of t h e  u n i t  

showing t h e  gas cyl inder ,  pressure-reducing regula tors ,  manometers, d i f f e r e n t i a l  

pressure t r a n s f e r  c e l l s ,  and t h e  gas chromatograph. 

b. Testing 

The equipment was leak- tes ted  and the  c a t a l y s t  reduced 

with hydrogen a t  about 40OoC. 

This run w a s  made under the  following conditions:  

(n icke l  on kieselguhr)  crushed t o  -9 t o  +16 mesh; (2 )  1000 h r - l  space ve loc i ty  

(based on 119 cu em of c a t a l y s t ) ;  (3) 4 : l  H2/C0 mole r a t i o ;  (4)  6 a t m  pressure 

i n  catalyst  bed; (5 )  22OoC j acke t  temperature; and (6) feed e n t r y  s p l i t  

equa l ly  a t  0, 3, 6, and 9 i n .  

carbon monoxide w a s  obtained (no CO or CO i n  o u t l e t  gas)  with about 0.1 i n .  

mercury pressure drop across  t h e  ca t a lys t  bed and a catalyst-bed-temperature 

p r o f i l e  as shown i n  Figure 26. There was a r ap id  increase  i n  temperature a t  

each po in t  of feed entry,  a f t e r  which t h e  gases tended t o  cool t o  t h e  temperature 

of t h e  water jacke t .  After  the  l as t  feed entry,  t he  gas temperature equ i l ib ra t ed  

wi th  t h a t  of t h e  water jacke t .  

The f irst  shakedown t e s t  run w a s  then s t a r t e d .  

(1) Catalyst C-0765-1001 

Under these conditions,  100% conversion of t h e  

2 

e. Long-Duration Runs 

Two long-duration runs were made using t h e  water-cooled 

automatic u n i t .  The f irst  run was of 62 days dura t ion  made under nine d i f f e r e n t  

sets of condi t ions - each more s t r ingent  than t h e  preceding one. The second run 

w a s  of 92 days durat ion with a l l  var iab les  held constant.  

w a s  chosen for t hese  runs because previous r e s u l t s  of a 110-hour run ind ica ted  

that t h i s  c a t a l y s t  had the  required long- l i fe  c h a r a c t e r i s t i c s  (Reference 1) 

The same change of c a t a l y s t  was used f o r  t h e  two long-duration runs. No 

attempt w a s  made t o  r e a c t i v a t e  the  ca t a lys t .  

Catalyst C-0765-03-1001 

(1) Conversions and Yields 

The f i r s t  long-duration carbon monoxide reduct ion 

run operated v i r t u a l l y  without in te r rupt ion  f o r  1495 hours (62 days) with no 

i n d i c a t i o n  of a change i n  performance. 

are repor ted  i n  Tables 20, 21, and 22. Data co l l ec t ed  under each se t  of r eac t ion  

condi t ions are grouped together .  

The da ta  f o r  t h e  complete 60-day tes t  
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The carbon monoxide conversion remained a t  SOS% 

throughout the run. 

are as follows: methane, 99.8; water, 98.1; and carbon dioxide,  0.4. The 

carbon dioxide y i e l d  became s i g n i f i c a n t  only toward t h e  end of t h e  run when a 

high space veloci ty  (3000 h r  These da ta  served 50 i nd ica t e  t h a t  

t he  ac t2 iv i ty  of t h e  c a t a l y s t  remained high throughout t h e  run,  and a l s o  t o  

ind ica t e  the  conditions under which quan t i t a t ive  conversion of carbon monoxide 

t o  methane and water w a s  obtained. 

The percent y i e lds  of products averaged over t h e  e n t i r e  run 

-1. 
J was used. 

- 
 he second long-durat,ion carbon monoxide reduct ion 

-1 run w a s  mad- a t  a space ve loc i ty  of lOOC h r  'The r eac to r  w a s  

operated f o r  2217 hours (92 days) w i t h  no ind ica t ion  of a decrease I n  c a t a l y s t  

performance as measured by product gas y i e lds .  The eondit-ions and product 

y i e l d s  for Fcn 2 are l i s t e d  i n  Takles 2G and 21; t h e  product. gas analyses  are 

given i n  Table 22. For a l l  

of Run 2 J  the average percent  y i e l d  of products i s  as follows: methane, 102.7; 

wat,er, 99.7, and carbon dioxide,  0.09. 
while the  oxyger, mater ia l  balance i s  131.1, The pressure drop d id  not increase  

during t h i s  t i m e .  

that t h e  carbon deposi t ion on t h e  c a t a l y s t  w a s  almost n i l  \ n e $  c a t a l y s t :  5.1 

w t %  IU; ca ta lys t  a f t e r  3712 hours: 

4.4% N:)- 

near  t h e  gas i n l e t  had increased from C.97 t o  0.63%~ i n d i c a t i n g  a very small 

amount of su l fu r  I n  t h e  feed gas. 

?'e carbon monoxide conversion remained a t  lOC%. 

The carbon ma te r t a l  balance i s  103.6%, 

The catalyst .  analyses a f t e r  a 3712-hour operat ion showed 

i n l e t ,  6e3% N i ,  d d d i l e  5.3% Nl, and o u t l e t  

After t h e  3712 hours of t e s t i n g ,  t h e  s u l f u r  cont,ent of t h e  ca ta lys t ,  

(2 )  Multiple €eed Entry 

The 2 ;  was s p l i t  i n t o  fou- and lstel- in to  f i v e  

equal p a r t s  and in j ec t ed  a t  3-in.  i n t e r v a l s  up t h e  c a t a l y s t  bed. This r e su l t ed  

i n  a saw-toothed temperature p r o f i l e  (Figures  26 and 27) buk spread the  heat. 

Out from 3 t o  15 i n .  along the  bed length.  

t h e  achievement of the  extremely high space veloci-t,ies (3300 hr-l) and long 

Catalyst  l t f e  (154 days) wit,hout, apprectable  loss i n  c a t a l y s t  ac t - iv i ty  Ln t h i s  

eq-iipment 

This i s  be l ieved  t o  have made poss ib l e  
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After Run 1-7 w a s  completed, the  hydrogen and 

carbon monoxide were premixed and introduced through the  f i v e  feed i n l e t s  f o r  

about 3 hours. 

gas introduct ion;  t h e  carbon monoxide conversion, carbon dioxlde production, 

and temperature p r o f i l e  remained r e l a t ive ly  constant (Figure 28). 

There w a s  no apparent difference between t h e  two methods of 

(3) Effect  of Space Velocity 

Figure 29 shows how the  CO content i n  t h e  product 2 
gas slowly increases  a s  the  space veloci ty  increases .  Even a t  a space ve loc i ty  of 

2500 h r - l ,  t he  H20 and CH4 y ie ldsare  excel lent  and the  CO y i e ld  i s  acceptably low. 

The b e t t e r  ca t a lys t  performance a t  high space ve loc i ty  i n  t h e  automatic tes t  

u n i t  than i n  the  a i r  cooled u n i t  (Reference 1) i s  ascr ibed t o  t he  much b e t t e r  

ca t a lys t  temperature control  made possible by the  water cooling and by t h e  multi-  

feed entry.  

maximum ca ta lys t  bed temperature. 

measured with a thermocouple i n  the  center o f  t he  ca t a lys t  tube a t  any he ight . )  

High space v e l o c i t i e s  tend t o  be h a r d  on the  ca t a lys t  due t o  t he  high tempera- 

t u re s  which tend t o  promote carbon deposition on the  c a t a l y s t .  

2 

Figure 30 shows how increasing the  space ve loc i ty  increases  the  

(These were t h e  maximum temperatures 

IL) Effect. o f  H-/CO Mole Ratio 

Complete CO conversion with 0 percent CO y i e l d  

A t  3.1:1 r a t i o  t h e  CO con- 

c . I  

2 
was achieved a t  H /CO mole r a t i o s  of 4:l and 3.51. 
vers ion remained loo$ throughout runs 1-3 t o  1-9 and 2-1 t o  2-64, and it was 

only a t  very high space ve loc i t i e s  that  t he  CO 

2 

y i e l d  became appreciable.  2 

( 5 )  Heat Balances 

It was possible  t o  get  some approximate heat of r e -  

ac t ion  da ta .  

t o  maintain the  ca t a lys t  bed a t  250 C with no gas f l o w  w a s  found t o  be about 

100 w a t t s  or 86 kcal/hour. 

which w a s  held a t  -tJ°C, so the  heat l o s s  should vary only about +1.2 - kcal/hour. 

The hea ter  input  was  measured with an ammeter and wattmeter, and the  catalyst-bed 

cooling-water heat removal was measured by thermocouple and rotameter readings. 

The u n i t  was f a i r l y  well i n su la t ed  and the  amount of heat required 
0 

The equipment w a s  i n  an air-conditioned laboratory 

45 



For Rm 1-10 an average of 42.0 kcal/rriole of C 3  vas removed ty t he  cool ing water 

The gases ent,erZng a t  25 C and leaving a t  2 5 0 O C  YemoTred 12 kcal/riole,  making 

the  calculat.ed heat of react ion 54  -0 kcal!/mole C3. 

t he  theoret . ica1 value of‘ 51.3. 

0 

“r,i s compares favorably with 

(6)  Presssre prop 

The pressure droF across  the  ca+>alyst bed d id  not 

D’o. 2-1 +,o 2-61, go up with t i m e  even a t  H /;L mole r a t , o s  as l o w  as 3 : ~ ~  
w a s  cont,Lnued f o r  92 days without sh’,tdovn; the  Fressure drop did not, increase 

a measurable amount during t h i s  prolorged per iod.  The abser?? of a pressure 

buildup ind’icated no carbon deposf t ioc,  a r d  a l s o  a long, Lseful  c a t a l y s t  l i f e .  

Tr ip l ing  the  spaee ve loc i ty  (1000 t o  3000 hr 

increased the p-ressure drop from 0.15 t o  0.50 i n .  Hg. 

2 

-1 Fdn 1.3 t.0 2un 1-9, Ta-tAe 2 3 )  

( 7 )  Carbori Dioxfde Surveys 

A series of cat ,alyst  bed surveys f o r  C3 were taker, 
2 

f o r  %ns 1-1 tqo 1-9 (see T’a51e 2 3 ) 0  At, 4-1 Ii ‘ ? - ?  na C32 was foL,nd 19 i n .  above 

the  gas i n l e t ;  at, 3.5 : l  E,i’CE, EO (3, was found 25.5 2~~ above t h e  I n l e t ,  and a t  
-1 3.1:1 Hp/C’  rat5.G ar,d l0OC hr 

Iri RLcns 1-4 through 1-9, t h e  C 3  

veloc i ty  w a s  increased t o  3000 hr  

(approximately halfway up the  ked) w a s  408$.  
tes ts .  Th;s would i c d i c a t e  t h a t  f o r  l e s s  st,rzngenr. requirements,  such as 

commercial methane production, half  of the  bed depth could 136. m e d  o r  t h e  space 

ve loc i ty  could be increased t o  609G hr-’, while st:ll mairLta4nicg lOP% C3 con- 

vers ion.  

a  mall buildup of C3 over the  one Laken dur:ng H w -  1-5. F X s  indicated a 

small decrease i n  c a t a l y s t  a c t i v i t y ,  bu the  o u t l e t  gas gas srill vit ,hfn spec1 

f i c i a t  ions 

2 

c c 
, 90 C G  w a s  f o m d  52 i n .  above t h e  gas inlet,. 

C 2 
Ec the  gas gradual ly  ’milt LF as t h e  space 

;i -1 -,, -ne maxixum X cc;r een t ra t  lon a t  19 i n .  

No L O  H a s  found i,n any of t hese  
2 

%e bed survey made dur:ng FJP 2-68 a f te r  15L days of cper-at,on showed 

2 

3. Process Deveiopment Scheme 

The automatic wat,er-cooled C’3 r e d s r t f o n  uni t  p1-oved t o  be 

Texperature capable Of continuous automatic cont ro l  with l i t t , l e  a t t e n t i o n .  

control ,  pressure cont ro l ,  flow control ,  and 11quid level  cont ro ls  wLth  minor 
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improvements could be adopted f o r  a lunar prototype p lan t .  

ca t a lys t  bed u n i t  having a t  l e a s t  t en  t i m e s  (100 scfh/hour) t he  capacity of  

the  present u n i t  should be t e s t ed .  

checked out on the  l a r g e r  sca le  u n i t .  

A multi-tube 

The multi-feed i n l e t  system should be 

IV. PERSONNEL 

The senior  staff assigned t o  t h i s  program w a s  comprised of S. D. Rosenberg 

(Project  Manager), G. A. Guter, F. E. Miller,  and R. L. Beegle, Jr. 
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TABLE 1 

ELEMENTAL COMPOSITIONS 

I 
I Element 
I 

0 

S i  

A1 
Fe 

, 

I 

Mg 

C a  

N a  

K 

H 

C 

S 

N i  

Maria According Terrae According 
t o  Urey Basalt t o  Kuiper 

43 -46 
21-24 

4-9 
8-11 

3-15 
5 -8 

0.5-3 

0.1-0.3 

1-3 
c .0 .5  
c.0.5 

0.2-2 

45 45 
21.73 
8.61 
8.29 

5 -13 
6.47 

2.77 
- 

0.07 

47-51 
31-35 
6-10 

1.5-4 
0.1-1 

1-3 
2-4 
2-4 
0-0.2 

(1 
C l  

TABLE 2 

APPROXIMATE RANGE OF COMPOSITION OF INDOCHINITE TFKTITES 

Const i tuent  

Si02 

A1203 
Fe 0 

2 3  
FeO 

Mgo 
CaO 

Na 2O 

T i02  

MnO 

K2° 

W t %  

71.2 - 77.5 
11.59 - 13.68 
0.37 - 0.82 

3.25 - 4.88 

1.57 - 2.08 
1.62 - 2.96 

1.06 - 1.58 
2.10 - 2.62 
0.63 - 0.81 
0.08 - 0.10 

Grani te  

49.58 
33 46 

8.24 
1.43 

0.37 
0.50 
2.30 

0.05 
4.07 

- 

Tables 1 and 2 
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Time  
( hours ) 

0 
4 
8 

12  
1 6  
20 
24 
28 
32 
36 
40 
44 
48 
52 
56 
60 
64 
68 

Crucible 
Tem 
( O C P  
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TABLE 5; 

REDUCTION OF BASkLT WITH GRAPHITE" 
RUN 6 

Product Gas 
Rate 

(gram mole/hour ) 

1020 

1400 
15 60 
1560 
1640 
1580 
1615 
1500 
1590 
1690 
1690 
1690 
1680 
1685 
1700 
1730 
1785 

1310 
1.32 
1.31 
1.25 
1.26 
1.16 
1.28 
1.21 
1.23 
0 

1.14 
1.28 
1.19 
1.12 
1.07 
1.04 
1.05 
1.05 
1.10 

Carbon Monoxide 
i n  Product Gas 

(mole $1 
1.4 
4.6 
7.6 

4.3 
10.4 
7.0 
7.1 
0 

0.3 
8.8 
6.7 

10.3 

7.0 
4.0 
3.0 
2.3 
2.4 
2.0 

Carbon 
Recovered as CO 

( g  carbon) 

0 
2.56 
6.71 

11.30 
15 -26 

23.26 
26.67 

31.02 

19 72 

30 98 

34 13 
39 -32 
44 27 

48 54 
49.82 
51-05 
52 13 

46.82 

* 
454 g of b a s a l t  mixed with 60.5 g of pure graphi te  i n  an impervious 
z i r con ia  c ruc ib le  and heated with an argon purge. 

** I n  add i t ion  t o  the  CO i n  the  product gas,  0.54 g of H20 and 0.15 g of C02 
were recovered, 

Table 5; 

Cumulative** 
Recovery of  
Carbon ($) 

0 
4.2 

11.1 
18.7 
25.2 
32.6 
38 04 
44.1 
51.1 
51.3 
56.4 
65 .O 
73.2 
77,4 
80.1 
82.4 

86.1 
84.3 



Report No. 3049 

TABLE 6 

. 

Time  
(hours) 

0 
2 
4 
6 
8 

10 
1 2  
14 
16 
18 
20 
22 
24 
26 
28 
30 
32 
34 
36 
38 
40 
42 
44 
46 
48 
50 
52 
54 
56 
58 
60 

REDUCTION OF BASALT WITH GRAPHITE* 
RUN 7 

Crucible 

TTp 
660 
1070 
1305 
1445 
1562 
1575 
15 92 
1658 
1685 
1715 
1710 
1705 
1700 
1725 
1755 
1755 
1755 
1755 
1745 
1750 
1758 
1755 
1745 
1760 
1765 
1782 
17 90 
1765 
1758 
1765 
1758 

Carbon Monoxide 
i n  Product Gas 

(mole $1 
0 

4.2 
7 a 8  

7 .4 
16.7 
30.8 

5.7 
5 04 
8.0 
6.0 
4.3 
2.2 
1.5  
1.8 
5 .7 
4.4 
3.7 
3.6 
3.2 
3.3 
3.2 
3.6 
3 00 
2.8 
2.6 
2.9 
4.5 
3.0 
2.4 
2.2 
1.8 

Carbon 
Recovered as CO 

( g  carbon) 

0 
0.37 
2.82 

10.23 
17.35 
22.21 
23 . 66 
25 38 
27 15 

4.85 

28.48 
29.27 
29 69 
30 09 
31.30 
32 . 61 
33 59 
34.54 
35.37 
36.18 
37 0 OC 
37 . 95 
38 . 77 
39.49 
40.16 
40.87 
41  90 
42.86 
43.75 
44 a32 
44 78 

Cumulative** 
Recovery o f  
Carbon ($1 

0 
0.6 
4.7 
8.0 

16.9 
28.7 
36.8 
39.1 
42 .O 
44.9 
47.1 
48.2 
49.1 
49.7 
51.7 
53.8 
55.5 
57.1 
58.4 
59.8 
61.2 
62.8 
64.1 
€5.2 
€6.7 
€7,‘: 
69.2 
70.9 
72.5 
75.4 
74.1 

* 
454 g o f  basa l t  mixed with 60.5 g of pure g raph i t e  i n  an impervious 
zirconia  crucible .  The graphi te  w a s  crushed t o  -28 mesh t o  +40 rcesh. 

** 
I n  addition t o  the CO i n  the  product gas ,  1.78 g o f  H20 and 0.21 g o f  C 0 2  
were recovered. 



Component 

Si 
Fe 

Mg 
A1 

cu 
Mn 

Ti 

Ni 

Mo 

Na 

co 
C" 
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TABLE 7 

EMISSION SPECTROGRAPHIC ANALYSES 

Sample Analysis (w&) 
Alumina Bubbles from Run 7 

Metal Metal 1/4 way 3/4 way Near 
from from New down to Down to Crucible 
Run 6 Run 7 Bubbles Crucible** Crucible Top 

62.4 15.1 1.6 7.8 6.9 15.1 
23.5 75.4 - 1.1 0.2 0.2 

0.8 0.1 - 1.0 2 04 2.3 

5 -8 1.4 98.4 73.5 72 00 65 *? 
0.4 

5.8 2.3 

1.3 

0.6 - - - - 
- Y - - 

2.0 - s - - 
- - - - - 1.4 

- - - 8.8 14.7 11.7 

- - - 7.8 3.8 5.0 
- 1.7 - - - - 

A -  

U . L  P - - I - 

* 
Carbon analyses by furnace oxidation to CO 

From top of insulation layer 

and subsequent absorption 2 ** 

Table 7 
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01'99 
t-co co 

o o o o o o o o o o o o o o o o o o o o o o o o o o L n o o o o  

:d c - c - c o c o m c n o o r l r l c u c u ~ r l ~ c u M - f 3 L n w w k c o c o m o r l r l c u c u  
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TABLE 11 
* 

ANALYSIS OF PRODUCT GAS SAMPUS FROM RUN 3 BY MASS SPECTROMETRY 

Sample Number 
4 5 2- - - 

Feed Gas Flow ( g  mole/hour) 0 0 0.2 0 .2  0.2 

1 2 - 

Temperature ("C) 1150 1350 1630 1595 1630 

Argon (mole%) 98.1 84.6 81.8 68.8 68.6 

o2 (mole%) 

N~ (mole%) 

H~ (mole%> 

H ~ O  (mole%) 

co2 (mole%) 

0.2 2.6 0.2 0.2 0.1 

1.1 12.3 0.7 0.6 1.5 

0.2 0 *3 11.1 21.9 23 -3 

0.3 0.2 0.2 - - 
0.1 - 0.4 - - 
- - 0.6 1 .4  I CH4 (mole$) 0 93 

co (mole%) - - 5 * 3  7.9 5 . 1  

* 
I n  add i t ion  t o  t h e  samples f o r  mass spectrometry, a s p e c i a l  gas sample 
w a s  taken throughout t h e  run i n  order  t o  de t ec t  t h e  presence of minor gas 
impur i t ies .  For s i x  minutes of each hour, t h e  product gas w a s  bubbled through 
a gas CNGA absorption b o t t l e  containing 0.1 N NaOH. This l i q u i d  w a s  then 
analyzed by wet methods f o r  s u l f u r  and phosphorus compounds. 
than 1 ppm) was found; only a t r a c e  (0.7 ppm) of phosphorus w a s  found. 

No s u l f u r  ( less  
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TABLE :b2 -- 
CARBON BALANCE FOR RUN 3 

Carbon feed  as CH4 

Carbon recovered a s  CO 

Carbon recovered as CH i n  o u t l e t  gas 

Carbon recovered as CO i n  o u t l e t  gas 

Carbon recovered as carbon i n  i n l e t  tubes 

Carbon recovered as carbon i n  o u t l e t  f i l t e r  

4 
2 

Estimated l o s s  i n  furnace 

Total  

Grams of Carbon 

36.2 

19.4 
7.2 
0.2 

7.4 
1.1 

- 5.5 
36.2 

TABLE 13 

ANALYSIS OF METAL FECOVERED FROM RUN 3 - - _  --- BY E M l Y Y l U l \  brLC;'l'fiu&vr 1 

Metal 

I ron  

S i l i c o n  

N i  cke 1 

Copper 

S i l v e r  

w t $  
Sample 1 Sample 2 

58.5 58.0 
37 -7 39.0 

2.1 1.8 
1 . 3  0.8 
0.4 0.4 

Tables 12 and 13 

Percent 

100.0 

53.6 
7.2 
0.6 

20.4 

3 00 

15.2 

100.0 
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TABLE 17 

SPECTROGRAPHIC ANALYSES OF METAL OBTAINED FROM ROCK 
REACTOR MELTS 

Metal Composition (wtk) 
RUn Type A l l  
No. - Rock Fe - S i  cu - N i  - Other 

I 

3 -1 Basalt - 58.5 37.7 1 *3 2.1 0.4 
3 -2 Basalt - 58.0 39.0 0.8 1.8 0.4 
6 Basalt  5.8 23.5 62.4 0.4 - 8.9 
7 Basalt 1.4 75.4 15.1 0.6 1.4 3 -1 

I 

! 
1 

1 18 Basalt - 90.4 7.0* - - 2.6 
1 

* 
The dens i ty  of t h i s  metal was found t o  be 6.0 g/cu em. 
t o  be a mixture of Fe and Si ,  simple calculat ions show it t o  contain 35% Si .  

If the  metal i s  assumed 

SPECTROGRAPHIC ANALYSES OF SUBLIMATE FROM 
ROCK REDUCTION RUNS 

- . I .  f 1. ~ - - I - - L - J  C-.--l- T m , - C h n o  b u l l l p u ~ ~ b r u r r  \ W U / U /  a u  UL.Lbb”bU VU“‘yL’ --u-1----- 

~ u n  NO. 15 Run No. 18 Run No. 18 
Element (Outlet Gas F i l t e r )  (Outlet Gas F i l t e r )  (Cut le t  Line) 

I 

N a  85.6 95 *o - 
Mg 5.4 2.5 - 
Ga 1.8 - I - 
Fe 

Si  

A 1  

Mo 

cu 
N i  

Zr 

1.0 

0.8 

0.5 
0.2 
0.04 
- 

- 
1.2 

0.1 
- 

80.0 
14.0 
1.0 
- 

Tables 17 and 18 
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TABLE 19 

Run 
No. 

3 

10 

11 

- 

13 

14 

15 

17 

18 

Type 
Basalt 
Used 

B- 1 

B- 1 

B- 1 

CRB 

CRB 

CRB 

B-4 

B- 4 

PRODUCT GAS IMPURITIES BY GAS SCRUBBING 

Impurit ies,  Lb Per Million Lb Rock 
Up t o  15OO0C Total  

P S P 5 
I - -  S - P - 
0.19 (0.27 

0.48 (0.27 

0.00 50 00 

5 a 3 8  2.72 

0.66 0.80 

0.09 0.0 0.16 0.20 0.25 0.20 

0.26 8.5 0.12 1.2 0 -38 9.60 

0.20 0.08 

Table 19 
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Run 
No. 

1-la 
1 - lb  
1 - l c  

1-2a 
1-2b 
1-2c 
1-2d 
1-2e 
1-2f 

1-2h 
1-2g 

1 -2 i  
1 -2 j  
1-2k 
1-21 

1-3a 
1-313 
1 - 3 ~  
1-3d 
1-3e 
1-3f 
1-3g 
1-3h 

1-4a 
1-4b 
1 - 4 ~  
1-4d 
1-4e 
1-4f 
1-4g 
1-4h 
1 -4i 
1 -4 j  

TABLE 21 

CARBON MONOXIDE CONVERSIONS AND PRODUCT Y I E L D S  

Sixty-Day Run 

Space 
Velocity 

( h r - l )  

1000 
1000 
1000 

1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 

1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 

1250 
1250 
1250 
1250 
1250 
1250 
1250 
1250 
125 0 
1250 

A c t u a l  Product Yield 
(mole %) co 

Conversion 
cH4 c02 -- (mole $1 H2° 

100 
100 
100 
average 

100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
average 

100 
100 
100 
100 
100 
100 
100 
100 
average 

100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
average 

- 
92.5 
94.8 
93.4 

101.5 
94.4 
94.3 
94.3 
94.3 
98.5 
98.5 
94.2 
97.6 

100 0 1 
100.8 

99.0 
9742 
98.4 
98.9 
98.9 
99.2 

100.1 
100 6 

E;! 
100 0 2 

97.7 
99.9 

101.0 
101.0 

98.0 
99.9 
95.1 

101.0 

- 0 .oo 
98.6 0.00 

9 -  
105.6 0.00 
97.8 0.00 
89.8 0.00 
93.3 0.00 

102.2 0.00 
95.4 0.00 
95.6 0.00 
99.5 0.00 

101.8 0.00 
94.7 0.00 
87.7 0.00 
99.7 0.00 - 
97.0 0.00 

99.2 0.1 
97.9 0.1 

102.7 0.1 
99.7 0.1 
88.8 0.1 

101.9 0 .1  
100.5 0.1 
100.5 0.1 
99.5 0.1 

100.3 0.1 
98.7 0.1 
99.3 0.1 

100.1 0 .1  
100.9 0 .1  
101.2 0.1 
102.3 0.1 
97.8 0.1 
97.9 0.1 
98.8 0.1 
99.7 0.1 

- 

- 

Table 2 1  
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Run 
No. 

1-5a 
1-5b 
1 - 5 ~  
1-5d 

1-6a 
1-6b 
1 - 6 ~  
1-6d 
1-6e 
1-6f 

1-7a 
1-7b 

1-7d 
1 - 7 ~  

- n  
L-Ua 

1-8b 
1-8~ 

1-9a 
1-9b 

Nominal 

Mole 
Ratio 

H2/CO 

3.1:1 
3.1:1 
3 2 1  
3.1:1 

3.1:1 
3.1:l 
3 . ~ 1  
3 . ~ 1  
3.1:1 
3.1:i 

3 2 1  
3 . ~ 1  
3 2 1  
3 . ~ 1  

- 7 - 7  

).&.I 

3 2 1  
3 2 1  

3 2 1  
3.1:i 

Space 
Velocity 

(hr'') 

1500 
1500 
1500 
1500 

1-750 
1750 
1750 
1.750 
1'150 
1750 

2000 
2000 
2000 
2000 

nrnn 
L,"" 

2500 
2500 

3000 
3000 
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TABLE 21 (cont . ) 
Actual Product Y i  e Id Nominal 

BedoTemp Conversion (mole 4) Cat a l y  s t co 

CH4 c02 -- ( C )  (mole $1 H2° 

25 0 100 
250 100 
25 0 100 
250 100 

average 

250 100 
25 0 100 
250 100 
250 100 
250 100 
250 100 

average 

250 100 
250 100 
250 100 
25 0 100 

average 

mn i nn 
250 100 
250 100 

-/ - 

average 

250 100 
250 100 

average 

Run 1 average 

98 9; 
95.9 
96.7 
97.4 
97.1 

98.0 
97.1- 
98.1 
98.2 
97 -6 
98.1 
97.9 

98.6 
98.3 ;;;! 
97.8 
99.0 

33 

%+ 
96.1 

98.1 

101.6~ 1.1; 
1.6 

99.2 0.3 
96.2 0.2  
97.7 0.3 

100.5 0.3 
101.1 0.3 

101.5 0.3 
102.7 0.3 
101.7 0.3 

102.2 0.3 

102.9 0.3 
102.5 0.3 

100.5 0 .4  
101.7 0.4 
100.6 

101.7 0.3 

102.4 0.2 

102.4 0.3 
102.4 0.4 

100.9 3 
99.8 1.7 
101.7 1.7 m g  
99.8 0.4 

a Discounting 1-5a and l-5b: 
H2/C0 mole r a t i o  = 2.97:l. 

Hydrogen metering o r i f i c e  p a r t i a l l y  clogged; 

Table 21 
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1 
i i 

Run 
No. 

2-1 
2-2 
2 -3 
2-4 
2-5 
2 -6 
2-7 
2-8 
2-9 
2-10 
2-11 
2-12 

2-14 

- 

2-13 

2-15 
2-16 
2-17 
2-18 
2-19 
2-20 
2-21 
2-22 

2-24 
2-23 

2-25 
2-26 
2-27 
2-28 
2-29 
2-30 
2-31 
2-32 
2-33 
2-34 
2-35 
2-36 
2-37 

Nominal 

Mole 
Ratio 

H2/CO 

3.1'1 
3.1'1 
3.1~1 
3*1:1 
3.1~1 
3.1~1 
3.1~1 
3.1'1 
3.1'1 
3 2 1  
3 2 1  
3 . ~ 1  
3.1:1 
3 2 1  
3.1~1 
3.1:1 
3.1~1 
3.1'1 
3.1:1 
3 2 1  
3*1~1 
3.1~1 
3.1:1 
3 2 1  
3.1'1. 
3.1'1 
3.1:1 
3.1~1. 
3.1:1 
3.1~1 
3 .1~1  
3.1'1 
3.1'1 
3.1'1 
3 2 1  
3 2 1  
3.1'1 

Nominal 
Space 

Velocity 
( h r - l )  

1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 

TABLE 21  (cont . 1 

Ninety-Day Run 

co 
Conversion 

(mole $) 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 

Actual Product Yield 
(mole %) 

HQO CH4 L 

97.8 
98.2 
97.8 
99.1. 
100 3 

99.6 
94.5 
99.4 
100 9 
100 *3 

99.7 
101.4 

99.3 
99.1 
99.8 
99.1- 
99.7 

100.3 
100 5 
100 * 6 
101 0 2 
100 0 2 

99.7 
100.2 
100 0 2 

99.6 
99.3 

100 0 2 
100.3 
100 7 

98.7 
100 a 9 

99.0 
100 e 4 

99.8 
100 7 
101 2 

100 0 0 
101 5 
101 0 1 
101 8 
101 7 

100 8 
101 6 
101.7 
102 e 9 
101.2 
101 8 
1oa.g 
100 0 1 
100 6 
103 4 
102 4 
105.2 
103 8 
104 4 
104 3 
103 1 
104 0 
103 03 
103.1 
103 a 1 
103 .o 
103 03 
103 a 8 
101.9 
102.7 
101 8 
100 9 
102.1 
103 -7 
103.8 
103 2 

100 4 

0.25 

0.05 
0.10 

0.15 
0.10 
0.10 
0.15 
0.20 
0.25 
0 035 
0.40 
0.30 
0.10 
0.10 
0.15 
0.45 
0.50 
0,20 
0.05 
0.00 
0.00 
0.00 
0.00 
0.05 
0.05 
0.00 
0.00 
0.00 
0.00 
0.00 
0 .oo 

0.10 
0.10 
0.00 
0.00 
0.00 

0.05 

Table 21  
Sheet 3 o f  4 



Run 
No. - 
2-38 
2-39 
2-40 
2-41 
2-42 
2-43 
2-44 
2-45 
2-46 
2-47 

2-49 
2-48 

2-50 
2-51 
2-52 
2-53 
2-54 
2-55 
2-56 
2-57 
2-58 
2 c n  

2-61 
2-62 
2-63 

2-65 
2-66 
2-67 
2-68 

2 2 6  

2-64 

Nomina 1 

Mole 
Ratio 

H2/CO 

3 . ~ 1  
3.1:l 
3.1:i 
3 .1 : i  
3 2 1  
3.1:i 
3 .1 : i  
3.1:i 
3.1:1 
3.1: i  
3.1:1 
3.1:l 
3.1:1 
3.1:i 
3.1:1 
3.1:l 
3.l:l 
3 . ~ 1  
3.1:l 
3 2 1  
3.1:i 
5 1'2 
3.1:1 
3.1:1 
3.1:1 
3.1:i 
3 2 1  
3.1:1 
3 2 1  
3.1:1 
3.1:i 

Nominal 
Space 

Velocity 
( h r - l )  

1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
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T A B U  2 1  (cont . ) 
Nominal 

Bed Temp Conversion, 

Actual Product Yield 

CHI co- 
(mole %) Catalyst  co 

( " C >  (mole %) H2° 

250 100 
250 100 
250 100 
250 100 
250 100 
250 100 
250 100 
250 100 
250 100 
250 100 
250 100 
250 100 
250 100 
250 100 
250 100 
250 100 
250 100 
250 100 
250 100 
250 100 
250 100 
250 100 
250 100 
250 100 
250 100 
250 100 
250 100 
25 0 100 
250 100 
250 100 
250 100 

Run 2 average 

99.9 
100.0 
100.7 
102.2 
100.9 
101.5 

101.3 

99.8 
99.6 
99.3 
99.3 

100.2 
99.3 
98.7 
97.5 
98.3 
98.0 
98.6 
98.8 
97-9 
99.6 
99.1 

100.0 
98.9 

100.0 
99.3 

100.0 
100.5 
100.0 

99.7 

100.4 

100.4 

4 

104.4 
103 - 7  
102.4 
105.8 
104.6 
105.4 
105.8 
103.1 
105.2 
1.03 *7 
102.5 
102.1 
103.2 
102.3 
102.0 
100.4 
103 9 
100.4 
101.4 
103.4 
102.2 
103 -3 

Y Y * >  
101.7 
105 .o 
102.0 
103.6 
102.4 
103 .o 
102.3 
103.8 
102.7 

2 

0.00 
0.00 
0.65 
0.00 
0 .oo 
0.00 

0.10 

0.0 
0.0 

0.05 

0.05 

0.05 
0.05 
0.0 
0.05 
0.05 
0.0 
0.0 
0.0 
0.0 
0.05 
0.05 

0.05 

0.05 
0.05 
0.05 
0.05 
0.05 

0.09 

u.u> 

0.0 

0.00 - 

Table 21  
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TABLE 22 

PRODUCT GAS ANALYSIS 

Sixty-Day Run 

Composition of Product Gas ( ~ 0 1 % )  

Run 
NO * - H2° co - CH4 c02 H2 

(0.5)" (49.7)" 0 .o (49 4" 0 .o 1-la 

1-2a 
1-2b 
1-2c 
1-2d 
1-2e 
1-2f  

1-2h 
1-2g 

1 -2i 
1-2 j 
1-2k 
1-21 

26.2 
35 -6  
35.7 
36 -5 
30.2 
34.7 
34.1 
31.4 
30.2 
31. *9 
31.6 
30 -3 

0 .o 
0 .o 
0 .o 
0 .o 
0 .o 
0 .o 
0 .o 
0 90 
0 .o 
0 .o 
0 .o 
0 .o 

73 - 2  
63 - 7  
61.1 
62.6 
68.8 
64.6 
65.2 
67.8 
69 .o 
67.5 
67.7 
69 .I. 

0 .o 
0 .o 
0 .o 
0 .o 
0 .o 
0 .o 
0 .o 
0 .o 
0 .o 
0 .o 
0 .o 
0 .o 

0 . 5  
0 . 5  
0 . 4  
0 . 4  
0 . 4  
0 . 4  
0 . 4  
0 . 4  
0 . 4  
0 . 4  
0 . 4  
0 . 4  

3 .5  
4.7 
3 .4  
3.7 
4.0 
4.2 
2.9 
2.2 

0 .o 
0 .o 
0 .o 
0.0 
0.0 
0 .o 
0 .o 
0 .o 

0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 

0 . 4  
0 . 4  
0 . 4  
0 . 4  
0 .4  
0 .4  
0 .4  
0 . 4  

1-3a 
1-3b 
1 - 3 ~  
1-3d 
1-3e 
1-3f 
1-3g 
1-3h 

6.7 
7 -6 
7 -6 
5.2 
6 .o 
5 .3  
5.9 
9.0 

11.4 
5 -6 

0 .o 
0 .o 
0 .o 
0 .o 
0 .o 
0 .o 
0 .o 
0 .o 
0 .o 
0 .o 

94.8 
91- - 7  
91 - 7  
94.1 
93 -2 
94.0 
93 -4 
90.2 
87.8 
93 -4 

o .05 
0.05 
o .05 
o .05 
o .05 
o .05 
o .05 
o .05 
o .05 
o .05 

1-4a 
1-4b 
1-4c 
1-4d 
1 -be  
1-4f 
1-4g 
1-4h 
1 - h i  
1-4j  

6 .1  0 .o 91.6 1 .ob 

7 .8  0 .o 91. -25 0.25 

6.2 0 .o 92 .o 1 .3b  
8 .o 0 .o 91.1 0.3 

1-5a 
1-5b 
1 - 5 ~  
1-5d 

a Average value f o r  t h i s  p o r t i o n  of  t h e  run.  

bHydrogen meter ing o r i f i c e  p a r t i a l l y  clogged: H2/CO mole r a t i o  = 2.97:1 

Table 22 
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TABLE 22 (cont.) 

Run 
No. - 
1-6a 
1-6b 
1-6c 
1-6d 
1-6e 
1-6f 

1-7a 
1-7b 
1-7c 
1-7a 

1-8a 
1-8b 
1-8c 

1-ga 
1-gb 

2-1 
2-2 
2-3 
2-4 
2-5 
2-6 
2-7 
2-8 
2-9 
2-10 
2-11 
2-12 

2-14 
2-13 

2-15 
2-16 
2-17 
2-18 
2-19 
2-20 
2-21 
2-22 

Composition of Product Gas (~01%) 

c02 H2 

8.5 0 .o 90.6 0 -35 
8.1 0 .o 90.8 0 -35 
8 .4  0 .o 90.5 0.30 
8.2 0 .o 90.8 0.25 

7.9 0 .o 90 *9  0.35 

- co CH4 - 

7.8 0 .o 91.1 0 3 0  

7.9 0 .o 91.2 0.35 
7.7 0 .o 91.4 0 *35 
7 -6 0 .o 91.4 0.45 
8.1 0 .o 91 .o 0.35 

12.2 0 .o 87 .o 0.35 
12.1 0 .o 86.9 0 *35 
12.5 0 .o 86.5 0.45 

10.2 0 .o 86 -3 1 - 5 5  
9.6 0 .o 86.2 1.45 

8.5 
8.4 
8.7 
7-00 
8.9 
8.0 
7.2 
7.0 
6.3 
6.6 
6.8 
7.3 
8.1 
8.4 
6.6 
5.0 
5.6 
7.4 
8.9 
9.4 
9.5 
8.7 

Ninety-Day Run 

0 .o 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

8.0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

YV*> 
90.8 
90.6 
92.0 
89.8 
9 . 6  
91.4 
91.5 
92.7 
92.4 
92.2 
91-7 
90.8 
90.2 
92.2 
93 99 
93 -2  
91.7 
90.3 
89.7 
89.6 
90 03 

- _ _  
U . d 2  
0.10 
0.05 
0.15 
0.10 
0.10 
0.10 
0.15 
0.20 
0.35 
0.35 
0.30 
0.10 
0.10 
0.15 
0.40 
0.45 
0.15 
0.05 
0.0 
0.0 
0.0 

1120 

0.3 
0-3  
0.3 

0.3 
0.3 

A I .  
W . - r  

0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 

Table 22 
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Run 
No. 

2-24 

- 
2-23 

2-25 
2-26 
2-27 
2-28 
2-29 
2-30 
2-31 
2-32 
2-33 
2-34 
2-35 
2-36 
2-37 
2-38 
2-39 
2-40 

2-42 

2-44 

2-46 
2-47 
2-48 
2-49 

2-41 

2-43 

2-45 

2-50 
2-51 
2-52 
2-53 
2-54 
2-55 
2-56 
2-57 
2-58 
2-59 
2-60 
2-61 
2-62 
2-63 
2-6Lt 
2-65 
2-66 
2-67 
2-68 
Average 
for Run 2 
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TABLE 22 (cont.) 

_ _  - Composition of Product Gas (vol ’$) -- 
2 

9.3 
9.7 

10.0 
10.9 
10.5 
9.9 

10.2 
10.2 
10.0 
10.7 
10.1 
8.6 
8.8 

10.2 
10.0 

9.1. 
10.6 
11.8 
11.5 
11.2 
12.4 
13.5 
13.4 
13 *7  
14.9 
15.2 
15 *3 
14.2 
13 *5 
14.6 
15 -5 
16.1 
16.8 
15.8 
13 -7 
13.4 
12.7 
10.9 
10.9 
11.3 

10.5 
11.3 
10.5 

H 

10.0 

1 0 . 2  
10.0 

10.8 
- 

co 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 

- 

- 

cH4 
89.9 
89.5 
89.1 
88.3 
88.7 
89.3 
89.0 
89.0 
89.2 
88.5 
89.1 
90.6 
90.5 
89.1 
89.2 
90.1 
88.6 
86.8 
87.8 
88.1 
87.0 
85.8 
85.9 
85 -7 
84.5 
84.2 
84.1 
85.2 
85.9 
84.8 
83.9 
83.3 
82.6 
83.6 
85.7 
86.0 
86.5 
88.0 
87.9 
87.5 
89.0 
88.6 
87.9 
88.6 
89.0 
89.3 
88.7 

- c02 

0.0 
0.05 
0.05 
0.0 
0 .o 
0.0 
0.0 
0.0 
0.0 

0.10 
0.10 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 

0.05 

0.55 

0.05 
0.05 
0.05 

0.05 
0.05 

0.05 
0.05 

0.0 
0.0 

0.0 

0.0 
0.0 
0.0 
0.0 
0.05 
0.05 
0.05 
0.05 

0.05 
0.05 
0.05 
0.05 
0.05 

0.0 

0.00 

0.08 

H U  
2 

0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
- 
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TABLE 23 

Run 
No. 

1-1 

1-2 

- 

1-3 
1-4 
1-6 

1-7 
1-8 
1-9 
2-68 

CATALYST BED SURVEY FOR CARBON DIOXIDE (CATALYST C-0765-1001) 

Velocity 
(hr-1) 

1000 

1000 

1000 

1250 

1750 
2000 

2500 

3000 

1000 

Nominal 

Mole 
Ratio 

4.0:1 
3.5:1 
3.1:i 
3 2 1  
3.1:i  
3 2 1  
3 2 1  
3 . ~ 1  
3 . ~ 1  

H2/CO 
CO Concentration ( m o l % )  i n  Reactant 

2Gas Sampled From Several Catalyst  
Bed Pos i t ions  ( i n . )  

19.0 - 25.5 32.0 - 12.5 

0.6 0.0 0.0 0.0 

1.0 0.2 0.0 0.0 

1.6 0.6 0.2 0.0 

- 1.1 0.1 0.1 

2.5 0.9 0.2 

4.0 1 . 5  0.8 
4.4 1.a  1.0 

4.8 2.7 1.8 
- 2.2 0.6 0.05 

Note: I n  Runs No. 1-6 through 1-9, the l2.5-in.  sample l i n e  w a s  used as t h e  
f i f t h  CO i n l e t .  

Table 23 
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Figure 1 
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Figure 2 
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Assembled Rock Reduction Reactor, S i l i c a t e  Rock Reduction Furnace 

Figure 3 
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Figure 4 
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Figure 6 
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Inside View of Zirconia  Curcible  from Run 6 
(large metal s lug  a t  bottom Of Crucible showed t h e  following ana lys i s :  
Si, 62.4; Fe, 23.5; Al, 5.8; Mn, 5.8; T i ,  1.3; Mg, 0.8; and Cu, 0.4) 

Figure 8 
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Zirconia Crucible from Run 6 - Outside V i e w  

Figure 9 



Report No. 3049 

L n  r- 

In 
UY 

0 
UY 

In 
ln 

In 
M 

R 
0 

Ln 

I 
* I  

I 
I 
I 

Figure 10 
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Alumina Bubble Furnace Insu la t ion  from Run 7 

Figure 11 
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. 

Soft Carbon - 

Hard Carbon - 
Zirconia Cruci 

A l u m i n a  insulation 
bubbles which fell 
in to  crucible during 
disassembly. 

-- 

126 

/ 
Me ta l  
Nodule 

Residual 
Slag 

Zirconia Crucible and I n l e t  B e l l s  f r o m  Run 2 

Figure 14 
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in m e l t  

7 

Zirconia Crucible from Run 5 - Top View 

Figure 16 
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Region of 
max imum ca 
deposition 

265-0050 

Crucible top 

Top of melt 

Crucible bottom 

Reactant Gas I n l e t  Tube from Run 9 
Figure 17 
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Figure 19 
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1/4“ Jacket Vent and // 
1)ressure Connection 

I 

Cata lys t  Tube, 5/”” OD,/ 
3lt: SS Tube with 1-1/)1’’ 

OD Fins  

f 

Ton and Botton! wi th  AX 
Fla red  F i t t i n g s  / 

1/8” Closed End Jacket 
Water Thermocouple Well 

\ 

3 
4- 

Seven l/d” Feed and/or. 
:i Reiilple Lines Welded i n t o  
ii FLnnecl Tube 

d 

Catalyst Tube for Reduction of CO w i t h  H2 Before Assembly 

Figure 22 



Report No. 3049 

- 1/8" Cooling Coil  

7 - 1  

Cata lys t  Tube with Water Jacket  

Figure 23 
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Figure 24 
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Figure 25 
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Figure 27 
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Figure 28 
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